THE JOURNAL 
PHYSIOLOGY 


EDITED FOR 
THE PHYSIOLOGICAL SOCIETY 
| BY 
| L.E. BAYLISS E. G. T. LIDDELL R. J. LYTHGOE 


q H. S. RAPER E. B. VERNEY (Chairman) F. R. WINTON 


VOL. 96 
1939 


| LONDON 
CAMBRIDGE UNIVERSITY PRESS 


os 
in 
4 
# 
ros 
a 
4) 
é 
Sir 
a 
Se 
- 
on 
4 
E 
a 
3 
5 
» 
: 
; 
ay 
4 
; 
, 
on 
i 


A 
te 
= 
~ 
¥ 
Pith 
‘4 
of. 
A 
4 
¥ 
Be PRINTED IN GREAT BRITAIN 
ae 


CONTENTS OF VOL. 96 
| No. 1. 14 June 1939 
The effect of stretching and of stimulation on the weight, total 


PAGE 


base and sodium concentration of the anterior retractor of the _ 


byssus of Mytilus edulis, By Inversrr 


‘The indirect determination of the gas tensions in the mixed 
venous blood. By I. F. 8. Mackay : 


The gastric secretions in experimental 


ALEXANDER LYALL and BRUCE M. NIcoL 


, The relation between concentration of visual ae and retinal 
sensitivity to light during dark RaGNaR 
A. MuNsTERHJELM and M. 


The relation between force and heme in racers contraction. 
By Katz. 


The resistance of nerve in relation to 
J. DANTELLI 


Experimental oligocythaemia and J. 
and 


oxygen consumption of the isolated meus of the ait a6 
K. Kramer and F. R. Winton 


The effect on the intestine of the substance liberated be adrener- 


gic nerves in a rabbit’s ear. J. H. Gappvum, C. 8. JANG and H.. 


KwIATKOWSKI 


No. 2. 14 July 1939 


The effect of forced breathing on the motor chronaxie. ” B. 
Diskstra and .. 


The origin and nature of ganglion sr pte m D. P. C. 
LLoyD 


Effect of clotting and of addition of histamine on its distribution 
in blood. By G. V. G. S. Tataat and E. 
WIENINGER 


21 


31 


104 


S08 


118 


130 


= > ~ >> 4 
4 
4 
4 
/ 
| 
a 
45 
65 
87 
“a 
2 
J 


iy CONTENTS 


Amsacue and G. 8. Barsoum 


Some effects of stimulation of sympathetic nerves and injection 


of pressor drugs in adrenalectomized cats. By C. W. J. ARMSTRONG, 


R. A. Crmenorn, J. L. A. andG.A.MoVicar . 


Rotatory movements of the apex of the — mammalian 
heart. By K.J. FRANKLIN... 


" The effect of tetanus toxin on the choline esterase activity of the 
muscles of rata. By E. Marri, C. Torpa and A. ZIRoNI 


The absorption of monosaccharides from the large intestine of 
the rat under urethane anaesthesia. ibe N. Davipson and R. C. 


mortis. E. C. Bars Smira 


The distribution of sodium between the _ humour and 
blood plasma of cats. By Huan Davson 


Bernuarp Katz 


The effect of temperature ee 
By Ceomm Bowron Fintzy ... 


No. 3. 14 August 1939 


Respiratory accelerator action of the carotid sinus-cardino 
depressor mechanism. By Ruts C. Parrripar 


muscles. By G. V. Anzzp, G. S. M. TataaT and E. 


oestrus-inducing substance. R. D. H. 
and 8. 8. Winton 


Acetylcholine synthesis in a B 
Kaxtson and F. C. MacIwrosx 


PAGE 


; 
% 
: 3 
4 N. 
164 
; 
fe muscle undergoing rigor 
4 
4 4 194 
4 
4 
4. 
ag 
; 
4 
13 
A. 
of 3 
fe 
» 
233 
mg 
a 
4 240 
3 
2 
é 
9 
2 e 7 7 
* 


CONTENTS 


The apparent augmentation of pituitary antidiuretic action by 
various retarding substances. R. L. Noss, H. 
and P. C, WILLIAMS 


Central action. of anticholinesterases. 


STEDMAN and Samson 


The effect of the hydrogen-ion concentration on the skdate of 
the antidiuretic and vasopressor activities of — sin 
extracts. By H. ‘ 


The peripheral action of toxin. A. M. 


No. 4. 14 September 1939 


PAGE 


A comparative study of the effect of the interaction of ions, : 


drugs and electrical stimulation as indicated by contraction of un- 
striated muscle. By InpERJIT SiIncH 


Properties of the substance liberated by adrenergic nerves in the — 


rabbit’s ear. By J. H. Gappum and H. Kwiatkowski rie 


The effect of monosaccharides on water eo ssp from the 
subarachnoid space. By T. H. B. Buprogp 


367 


hee 
$ 
& 
Vv 4 
ft 
4 
va 
er 
a * 
+ 
385 
op 
4 3 
x 
v4 
br 
sag 
4 
ie 
‘ 
4 
a 
» 
4 


vi LIST OF AUTHORS 


LIST OF AUTHORS 


N. and Barsoum, G. 8. Histamine and muscle 
Anrep, G. V., Barsoum,.G. Tauaat, and Wienincer, E. 
Distribution of histamine in blood ‘ ; 
Anrep, G. V., Barsoum, G. S., Tauaat, M. E. 
Release of histamine by skeletal muscles : 
Armstrone, C. W. J., CuecHorn, R. A., J. L. A. snd 
MoVicar, G. A. Vascular failure in adrenal insufficiency 
Barsoum, G. 8. and AmpacuE, N. Histamine and muscle. 
Barsoum, G. 8., Tataat, M., WIENINGER, E. and Anrep, G. 
Distribution of histamine in blood ; 
Barsoum, G. Tataat, M., Wrentnasr, E. G. v. 
Release of histamine by skeletal muscles — 

Beprorp, T. H. B. Monosaccharides and water 
CiecHorn, R. A., Fowuer, J. L. A., MoVicar, G. A. and Arm- 
strona, C. W. J. Vascular failure in adrenal insufficiency 

J. F. Resistance of nerve. 
Davipson, J. N. and Gary, R. C. ‘Aheorption the ate colon 
Davson, Huan, Sodium content of aqueous and plasma 


B. and M. N. J. Effect of breathing on chronaxio 


Drexen, M.N. J. and Disxstra, B. Effect of breathing on chronaxie 

Fintey, Boiton. Dorsal root potentials in the frog. 

Fow J. L. A., MoVicar, G. A.; Anmstrone, C. W. J. 
CiecHorN, R. A. Vascular | in adrenal insufficiency 

Frankuin, K.J. Rotation of apex ofheart . 

Gappvum, J. H. and Kwiatkowski, H. Adrenaline from 
nerves 

Gappum, J. H., Jane, S. ‘end Kwirxowsx1, ‘iL 
from adrenstato nerves . 

Garry, R. C. and Davipson, J. N. ihe rat’s 

GranitT, RaGnaR, MUNSTERHJELM, A. and Zew1, M. Visual purple 
and retinal sensitivity 

Harvey, A. M. Peripheral action ‘of toxin 

Huarp, R. D. H. and 8S. S. Assay of gonadotrophio 
substance 

Heuer, H. Antidiurotic and 

Jane, C. Kwiatkowski, H. and Gappvum, J. H. Rhetances 
from nerves . 

KaHLSON, G. and C. Acetylcholine synthesis in 


4 
* 
d 
PAGE 
4 139 
4 
4 
240 
146 
139 
x 
{ 
rd 
4 
4 : . 146 
4 
65 
194 
109 
4 
146 
164 
a 
104 
172 
one 
& 
a 31 
348 
& 
Py, 
248 
A “s 
» 
104 
a 
a 
ay 


LIST OF AUTHORS 


Katz, BERNHARD. Force and speed in muscular contraction 
Katz, BERNHARD. Nerve excitation by'a.c. 

Kramer, K. and Winton, F. R. 
KwiatTkowsk1, H. and Gappum, J. H. Adrenaline from adrenergic 


nerves 
H., H. Saxo, 0. 8. Subatances 
from adrenergic nerves 


Luoyp, D. P. C. Ganglion after: potentials ; 

LYALL, ALEXANDER and Nicot, Bruce M. Gastric secutiness in 
hypochloraemia . 

MacIntosa, F. C. and Kantson, G. Acetyleholin synthesis in 
ganglion 

Mackay, I. F. S. Game: in the shined venous 

MoVicar, G. A., Armstrone, C. W. J., R. A 

- Fowuer, J. b A. Vascular failure in adrenal insufficiency 

Martini, E., Torpa, C. and ZrroNnI, A. Choline esterase and 

tetanus toxin 

MELLANBY, J. and SurroLK, 8. Oligocythaemia and 
megaly . : 

MUNSTERHJELM, A.., M. Visual purple 
and retinal sensitivity . 

Nicot, Bruce M. and LYALL, ‘Gastric in 
hypochloraemia 

Nostg, R. L., H. and C. 
tion of pituitary antidiuresis 

Partriper, Ruts C. Respiratory 

RINDERKNECHT, H., P. C. and Nostz, R. L. 
tion of pituitary antidiuresis 


Central action of anticholinesterases ; 

Stneu, InpERJIT. Base concentration of Mytilus 

Sinexu, Contraction of unstriated muscle 

Smrru, E. C. Barz. Mammalian muscle undergoing rigor 

Stzepman, Epgar, Wricut, Samson and ScHWEITZER, ALFRED. 
Central action of anticholinesterases 5 

Surrotk, 8. F. and Metiansy, J. Oligocythaemia and 
megaly . 

G. V. sad G. g. 
Distribution of histamine in blood : 

Tataat, M., Wrentnoer, E., Anrep, G. V. and Barsoum, 
Release of histamine by skeletal muscles : 


A 
4 
Vv % 
ll 
a 
PAGE 
45 4 
202 
87 4 
385 
118 
q 
21 
85 
277 q 4 
A 
§ 
168 
74 
31 q 
g 
21 
233 | q 
a 
293 4 3 
302 : 4 
367 
176 
302 
74 
130 
4 
240 
q 


viii LIST OF AUTHORS 


Torpa, C:, Zrront, A. and Marri, E. Choline esterase and 
tetanus toxin 

WIEntncer, E., Anrep, G. G. 8. M. 
Distribution of histamine in blood : 

Wrentneer, E., Anrep, G. V., Barsovum, G. S. M. 
Release of histamine by skeletal muscles 

P. C., R. L. and H. 
tion of pituitary antidiuresis 


Winton, 8. 8. and Hzarp, R. D. H. Assey of gonsdotrophio sub 


stance. 
Winton, F. R. and Knauen, K. aud 
M., Granit, RaGNak and A. Visual 
and sensitivity 


A., Martrnt, E. and C. Choline 


toxin 
Central action of anticholinesterases 


PAGE 


168 


68 
2 i 
£ 
“a 130 
a 
4 
a 
7 
ef 
a 
“a 
302 
BS: 
ag 
& 
¥ 
& 
4 
a 
eq 
¥ 
ind 
a 
ag 
“4 
i? =) 


CONTENTS ix 


PROCEEDINGS OF THE PHYSIOLOGICAL SOCIETY 


13 May 1939 


Craik, K. J. W. Sensory adaptation and the mechanism of vision . iP 
Danielli, J. F'. The site of resistance to diffusion through the cell 
membrane, and the role of partition coefficients ' ‘ 3P 
Eggleton, P. and Robson, J. M. Gonadotrophin from horse bitiiteries 4P 
MacIntosh, F. CO. The effect of insulin hypoglycaemia and B,-avita-— 


minosis on the acetylcholine content of brain . 6P 
Long, C., Ochoa, S. and Peters, R. A. Pyruvate oxidation in brain, 

not involving a succinate cycle : 7P 
Wilson, D. OC. Rickets and dental caries 8 P 


Katz, Bernhard and Schmitt, Otto H. Rroitability chicges in @ nerve 
fibre during the passage of an impulse in an adjacent fibre ener 
Brown, G. L. and MacIntosh, F. C. Discharges in nerve fibres pro- 


duced by potassium ions . 10 P 
Brown, G. L. and Harvey, A. M. Congenital in the goat 
Oumings, J. N. Potassium content of human muscle. 12P 


Barcroft, J., Barron, D. H., Cowie, A. T., Forsham, P. H. sed Mae. 
Donald, A. The effect of asphyxia on inhibition of ~~ 


movement in the sheep’s foetus ; 12P 
Wright, R. D., Jennings, M. A., Florey, H. W. R. 
vations on intestinal secretion . 13 P 


Downman, C. B. B., Goggio, A. F., 4. ond 

Ee M. H.C. Reflex vaso-motor responses from the paws of the 
2 ont, 14P 
t Shen, T. C. R. The role of light in the action of several drugs upon the | 
hypophyseal melanophore hormone secretion of frogs (Rana 


Willmer, E. N. and Wallersteiner, K. The effects of certain aldehydes 
upon the growth of cells in vitro ° 16P 
Hill, D. K. A simple differential volumetric mithod for obtaining the | 
time-course of oxygen usage by stimulated frog’s muscle ‘ 17 P 
Oraik, K. J. W., Rawdon-Smith, A. F. siamese S. The transient 
response of a primitive ear ee : 18 P 
10 June 1939 


Robson, J. M. Comparison of the amounts of progesterone and of 
desoxycorticosterone acetate needed to produce certain pro- 
gesterone-like actions F 21P 

Dowson, BP. ond Robson, J. M. Tho effect of on 

striped muscle - 23 P 


4 
= 


} 
‘ 
a 
‘a 
4 
a 
= 
| 
= 


x CONTENTS 


Stella, G. On the connexions between the 

Stella, G. The effect of cerebelhim on 

Lowdon, A. G. Ross, McKail, R. A., Rae, S. L., Bide: U: P. ind 


Wilson, W. C. Changes in sodium and in other —. 


blood and extracellular fluids following scalds . ‘ 
Stewart, C. P. Experiments with the dark adaptation test : ; 
Hebb, Catherine O. The suppression by ergotoxine of bronchocon- 

striction produced by acetylcholine and by stimulation of the 

stellate ganglion in the guinea-pig. ‘ 
Bell, G. H. and Weir, J. B. de V. A general purpose speedometer 


8 July 1939 


Campbell, J. Argyll. Zein and resistance to oxygen want , 

Warren, C. B. M. Alveolar air on Mount Everest . 

Dryerre, Henry. (Preliminary communication.) The effect of declan 
upon fertility in the silver fox ; 

Mellanby, Edward. Further observations on bone vreegrowil ond 
nerve degeneration produced by defective diet R ; 

Leathes, J; Grom the brain 

Leathes, J. B. and Mellanby, J. The action of lecithine on the throm- 
bokinase of daboia venom and of brain extracts ‘ 

Liddell, EZ. G, T. and Phillips, 0. G. Further observations on hicoular 

3 rigidities in cats 

Pfaffmann, Carl. Specific 

Euler, U. S. von, Liljestrand, G. and Zotterman, y. The Aeiithabon, 

mechanism of the chemoreceptors of the carotid body - 


Bouckaert, J. J., Grimson, K. S. and Heymans, OC. af 


pressure by perfusion of the ischaemic kidneys of hypertensive 
Brown, G. M., McLean, F. J. and Maegraith, B. G. The pressor 
response of hypertensive rabbits to injections of tyramine and 
posterior pituitary extract ‘ 
Briggs, G., Choyce, D. P., Hill, J. aad Kertidgs P. M. Tr. The auity of 
hearing of left- and right-handed children ° 
Blaschko, Hermann. The specific action of l-dopa 
Weiler, G. The action of barbiturates on the — of amphibian 
muscle to electrical stimulation 
Thornton, J. W. The potentiation by eserine of bronchoconstriction 


produced by acetylcholine and by stimulation of the cervical 
vagus in isolated guinea-piglungs . i ‘ 
Sinclair, H. M. Metabolism of vitamin B, _ . 
Delaunois, A. L, A device for faradic stimulation 


Delaunois, A. L, A simple radio-electric relay for thermo endabons 


‘PAGE 


26 P 


27 P 
28 P 
29 P 
31 P 


33 


34 P 
35 P 


36 P 
38 P 


39 P 


39 P 
41P 


42 P 


7 
4 
a 
4 f 
4 
ents of 
PS 
: 
‘ 
vj 
A 
F 
a 
a 
| 
“ 
44 P 
Bt 
ag 
48 P 
“a 
51 P 
P 
55 
56 P 
58 P 
a 
} 
ad 


LIST OF AUTHORS 


LIST OF AUTHORS 


Barcrort, J., Barron, D. H., Cowrn, A. T., Forsnam, P. H. and 
MacDona.Lp, A. Asphysia and inhibition of respiratory move- 
ment in foetus 

Barron, D. H., Cowrm, A. H., A. 
Barorort, J. rials and inhibition of respiratory movement 


Betz, G. H. and Wrtr, J. B. pz V. speedometer 


BuiascHko, HERMANN. Specific action of J-dopa decarboxylase 

BovuckaEnrt, J. J., Grimson, K. 8. and Heymans, C. Increase of 
blood pressure by perfusion of ischaemic kidneys’. 

Briags, G., D. P., Hit, J. and Kerrinas, P. M. T. Hearing 
of left- and right-handed children 


Brown, G. L. and Harvey, A. M. Congenital vivotonie 4 in the aint ; 


Brown, G, L. and MacInrosu, F. C. Discharges in nerve fibres by 
potassium ions 
Brown, G. M., McLzan, F. J. and B. G. of 


hypertensive rabbits to tyramine and posterior pituitary extract 


CAMPBELL, J. ARGYLL. Zein and resistance to oxygen want 

D. P., J., P. M. T. and Briaas, G. Hearing 
of left- and right-handed children . 

A. T., Forsnam, P. H., MacDonatp, 
Barron, D. H. Aephyxia and inhibition of respiratory move- 
ment in foetus 


Craik, K. J. W. Sensory adaptation sad the taschnnaiees of 


vision 

Craik, K. J. W.. Rawpon-Suiru, F. R. The 
transient response of a primitive ear ‘ 

Cumines, J. N. Potassium content of human ciicia’ 

DaNIELLI, J. F. Partition coefficients and site of resistance to diffu- 
sion 

Dawson, R. J. M. Effects of on 
striped muscle . ‘ 

Detaunois, A. L. Device for faredio 

DELAUNOIS, A. L. Radio-electric relay for thermo-r lat 

Downmany, C. B. B., Goaaio, A. F., McSwiney, B. A. and 
M. H. C. Vaso-motor responses from the paws of the cat . ‘ 

DryErre, Henry. (Preliminary communication.) Effect of prolan on 
fertility in the silver fox . 

P. and Rosson, J. M. pital: 
taries 

Evuter, U. 8. von, G. Excitation 
mechanism of chemoreceptors of carotid body . . 

Friorey, H. W., R.., R.. ‘D. and M. A. 


PAGE 


12P 
12P 
50 P q 
44 P 
48 P 
11P 4 
46 ?P 
48 P 3 
12P 
1P 
18 P E 
12P j 
| 23 P j 
56 P 
58 P 4 
14P : 
35 P 
4P 
42 P 
13P 


xii LIST OF AUTHORS 


ForsHam, P. H., MacDonatp, A., Barorort, J., Barron, D. H. and 
Cowrz, A. T. Asphyxia and inhibition of respiratory movement 
in foetus . 

Goaato, A. F., B. Touna, M. H. ‘dnd 
C. B. B. Vesomiptor responses from the paws of the cat . > 

Grimson, K. 8., Heymans, C. and Boucxarrt, J. J. Increase of 
blood pressure by perfusion of ischaemic kidneys . 

Harvey, A. M. and Brown, G. L. Congenital myotonia in the sont 

Hess, QO. Ergotoxine and bronchoconstriction by 
acetylcholine and by stimulation of stellate ganglion 

Hzymans, C., Bouckarrt, J. J. and Griuson, K. 8. Increase of 
blood Coe by perfusion of ischaemic kidneys 

D. K. Differential volumetric method for of 
oxygen usage 

J., P. M. T. Bane, D. P. 
of left- and right-handed children 

Jenninaes, M. A., Frorry, H. W., Lrom, R. and R. D. 
Intestinal secretion 

Katz, BERNARD and Scumirt, Orro H. Excitability i in nerve ies 
during an impulse in adjacent fibre . ‘ 

P. M. T., Briacs, G., D. P. 

Of left- and right-handed children. 

Leatues, J. B. and Mettansy, J. Action of lecithine on 
nase of daboia venom and of brain extracts ; ‘ 

Leatues, J. B. and J. Thrombokinase from the 

LippELL, E. G. T. and Puires, C. G. Muscular rigidities in cats 

LILJESTRAND, G., ZoTTERMAN, Y. and U.S. von. Excitation 
mechanism of chemoreceptors of carotid body . 

Liom, R., Wricut, R. D., Jenninas, M. A. w. 
Intestinal secretion . 

Longe, C., OcHoa, 8. and Perens, R. in 
without succinate cycle. 

Lowpon, A. G. Ross, MoKan, R. A., Raz, 8. 


Witson, W. C. 


fluids after scalds 

MacDonaLpD, A., BARCROFT, Bannon, D. H., Cowm, A.’ T. 
ForsHam, P. H. ‘dunliyxia and inhibition of respiratory move- 
ment in foetus . 

Macinrossx, F. C. B, avitaminoss, and the 
acetylcholine content of brain . 

MacIwrosn, F. C. and Brown, G. L. Discharges in nerve 
potassium ions 

McKarm, R. A., Raz, 8. Srewanr, C. W. 


Lowpon, A. G. Ross. Changes in constituents of blood and 
extracellular fluids after scalds ‘ 


McLzan, F. J., Marcrarrn, B. G. and Brown, G. M. Siacecrs of 
hypertensive rabbits to tyramine and posterior pituitary extract 


PAGE 


12P 


14P 


44 P 
11P 


20 P 
44P 
17P 
48 P 
13 P 


9P 


48P 


39 P 
38 P 
39 P 
42 P 


13 P 


27 P 


12P 
6P 


10P 


27 P 


46 P 


q 
4 
#3 
ag 
g 
4 
in 
a 
|| 
Ag 
a 
| 
| 
Wag | 
| 
| 
| 
} 
wal 
| | 
ie, | 
| 
| 
be 


as 


yy 


LIST OF AUTHORS 


McSwiney, B. A. Youna, M. H. C., Downman, C. B. B. and Goacto, 
A. F. Vaso-motor responses from the paws of the cat . : 

MarcraitH, B. G., Brown, G. M. and McLean, F. J. Response of 
hypertensive rabbits to tyramine and posterior pitditary extract 

MELLANBY, EpwWarpD. Bone — and nerve degeneration 
from defective diet . 


Metransy, J. and Lzaruss, J. B. om 


nase of daboia venom and of brain extracts ; ; 
MELLANBY, J. and Leatues, J. B. Thrombokinase from the 
Ocxoa, 8., Permrs, R. A. and Lone, C. erat oxidation in brain 


without succinate cycle ‘ 
Prerers, R. A., Lone, C. and Ocuoa, S. oxidation i in 
without succinate cycle. ‘ 


P¥FAFFMANN, CaRL. Specific gustatory 

Pururs, C. G. and Lippz11, E. G. T. Muscular rigidities in cats ‘ 

Rag, 8. L., Stewart, C. P., Witson, W. C., Lowpon, A. G. Ross and 
McKar, R. A. Changes in constituents of blood and extracellu- 
lar fluids after scalds ; 

Rawpon-Smira, A. F., Srumpy, R. 8. arid Cuasx, K. 7. W. The 

_ transient response of a primitive ear 

Rosson, J. M. Amounts of progesterone and of desorycortcosteron 
acetate needed to produce progesterone-like actions =. 

Rosson, J. M. and Dawson, R. F. Effects of diethylstilboestrol on 
striped muscle . 

Rosson, J. M. and Gonsdotophin hones 
taries 

Scumirt, Orro H. and Kars, Hxcitability i in nerve fibre 
during an impulse in adjacent fibre gq  . 

Suen, T. C. R. Light and the action of drugs on melanophore secre- 
tion . 

Srnciam, H. M. of B, 

G. Connexions between and “apneustio” 
centres 

STetia, G. Effect of on ‘ 

Stewart, C. P. Experiments with the dark adaptation test ‘ 

Stewart, C. P., Witson, W. C., Lowpon, A. G. Ross, McKan, R. A. 
and L. Changes in constituents of blood and extracellu-— 
lar fluids after scalds ; 

Srurpy, R. 8., Cram, K. J. W. snd A The 
transient response of a primitive ear ‘ 

THornton, J. W. Potentiation by eserine of bronc 
from acetylcholine and from stimulation of cervical vagus ; 

WALLERSTEINER, K. and Wuimer, E. N. Effects of — on 
growth of cells . . : . 

Warren, C. B. M. air on Mount 

G. Barbiturates and the response of amphibian 


D 


| PAGE 
14P 3 
46 P 
36 P 
39 P 
38 P 
7P 
7P 
41 P 
39 P 
| 27 P 
18 P ‘ 
21P 
23 P 
4P 
9P 
15P 
55 P q 
24 P 
| 26 P 
28 P 
27 P 
18 P q 
53 P 4 
16 P q 
34 P ‘ 
51 P q 


xiv LIST OF AUTHORS 


Wer, J. B. pz V. and Betz, G. H. General purpose speedometer . 


Witmer, E. N. and WaLLERSTEINER, K. Effects Effects of aldehydes on 
growth of cells ‘ 


Wiuson, D, C. ‘ 

Wuson, W. C., Lowpon, A. G. Ross, McKam, R. A., 6. 
Srzmwart, C. P. Changes in constituents of blood and extracellu- 
lar fluids after scalds é 

Wricat, R. D., Jenninas, M. A., w. and Lrox, R. 
Intestinal secretion . 

Younae, M. H. C., Downman, C. B. F, 
B. A. Vaso-motor responses from the paws of the cat ..... 

ZOTTERMAN, Y., U. 8. von and G. Excitation 

mechanism of chemoreceptors of carotid body . 


PAGE 
31 P 


16 P 
8 P 


13 P 


14P 


42 P 


a 
bs. 
¥ aug 
4 
3 
> 
~ 
ay 
d 
‘ 
a 
t 
a 
“th 
“ai 
os 
4 
4 
4 
y 
3 
= 
i” 
¥ 
4 
a 
“4 
So 
3 
a 
ig 
ag 
4 
a 
va 
% 
5 
~ 
he 


J. Physiol. (1939) 96, 1-8 | 612.734.16 


THE EFFECT OF STRETCHING AND OF STIMULA- 
TION ON THE WEIGHT, TOTAL BASE AND SODIUM 
CONCENTRATION OF THE ANTERIOR RETRACTOR 
: OF THE BYSSUS OF MYTILUS EDULIS 


By INDERJIT SINGH | 
From the Physiological Laboratory, Cambridge 
(Received 13 January 1939) 


To study the effect of stimulation on the total base of Mytilus unstriated 
muscle, it was necessary to stretch the muscle to hold it in place. It was 
found that stretching alone produced changes in weight and total base ~ 
concentration of the muscle; so before studying the changes in the total 
base induced by electrical stimulation, changes produced by stretching 
alone were investigated. Some observations in connexion with the effect 
of chemical stimulation on the weight of the muscle were also recorded. 


METHODS 


Stretching. To determine the effect on the weight and total base 
concentration, the muscles were stretched isotonically. The control un- 
- stretched muscle was kept in the same Mytilus saline and for the same 
time as the stretched muscle. As only the muscle between the ligatures 
was stretched, it was necessary to exclude the pieces of muscle beyond the 
stretch. The two muscles were first weighed and one of them was then 
stretched. After the required period of stretching was over, the saline 
around the stretched muscle was removed and the muscle was blotted 
while stretched. The muscle was then cut between and as close to the — 
ligatures as possible and weighed. The ligatures were then gently dis- 
entangled from the end-pieces of the muscle. These pieces were weighed 
and analysed separately. The control muscle was also weighed after 
soaking, and the percentage change in weight was determined. The 
weight of the end-pieces of the stretched muscle was corrected, on the 
assumption that the unstretched muscle and the unstretched end-pieces 
increased in weight similarly. (The value assigned to this correction does 
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not affect the final answer significantly.) The corrected weight of the end- 
pieces was subtracted from the total weight of the stretched muscle 
before soaking, and thus the weight of the stretched portion of the muscle 
before soaking was estimated. The percentage change in weight was then 
calculated. The protocol of an experiment is given in Table I. | 


Tasiz I 


Period of stretching =1 hr. . 

.» Percentage increase in weight of the unstretched muscle =28% 
Weight of of end- Foapey =0-0232 g. 
Corrected weight of end-pieces =0-0225 g 
Weight of stretched muscle before =0-0700 g 
Weight of stretched ion of muscle =0-0475 g 
eight of same after =0-0370 g 
in t =0-0105 g. 

=22:1% 


Blank experiments were performed just as above, with the exception 

that stretching was omitted, to see whether the experimental procedure, 

such as ligaturing the muscle or cutting, entailed any change in weight. 

This was found to be negligible and within experimental error (1-2 %). 

Electrical stimulation and analysis. The muscle was stimulated with 

a.c. (10 V.) for times ranging from 10 to 60 min. ; these muscles contracted 

irregularly during the passage of the current. Unstretched muscles were 

stimulated in an ebonite trough, through which oxygenated Mytilus 

saline flowed continuously, thus obviating effects due to electrolysis (if 
any) of the saline. 

Sodium and total base were estimated as described previously 

[Singh, 1938a]. To exclude barium from electrodialysis when muscles 

were soaked in barium rich solutions, the anode vessel was filled with 

N/50_ H,S0O, instead of distilled water; barium was precipitated as 

sulphate, and so was not electrodialysed. 

Experiments on winter muscles were performed in December 1935. 
and January 1936; those on summer muscles in June and July 1936. 


RESULTS 
Effect of stretching. The weight and concentration of base in stretched 
muscles was reduced in every instance (Table II). The diminution of the 
concentration of total base can be understood, since the concentration of 
base in the interspaces is greater than in the muscle fibres [Singh, 1938a]. 
The concentration of base in the end-pieces is nearly the same as that of 
Mytilus saline, allowing for the water content of the muscle. Muscles 8 
and 9 were from animals stored in the refrigerator for over three — 
the others were relatively fresh. | 
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_ muscles were taken, the first soaked in normal Mytilus saline, and the 


_ fore 58, 61 and 56 °%,, respectively, of that in the first group. 
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Tastx II. Effect of stretching 


Base (m.oq./g.) 

Weight of Stretched muscle 

stretched Percentage Time of Un- A 
No. of muscle decrease Load stretch stretched Calcu End- 
muscle in weight = g. hr. muscle Found lated pieces 
0-0414 81 1 0281 0215 0215 0-367 
0-0320° 19-6 72 1. 0324 0-225 0-265 0-454 
3 0-0329 13-0 72. l 0-275 0-237 0-237 0-352 
4 0-0370 22-1 72 1 0-317 0-265 0-263 0-472 

5 0-0338 30-1 108 1 0-351 0-271 0-260 

6 0-0306 26-9 72 2 0- 0-272 0 0-476 
7: 0-0220 50-4 72 2 0-361 0-290 0-137 0-477 
ee 0-0244 44-0 70 1 0-484 0-418 # 0-444 0-482 
9 0-0360 35:0 70 1: 0353 #0312 0244 0-540 


The 8th column in Table II, suggested by Dr M. G. Eggleton, shows 
the base concentration of the muscle calculated from its initial base 
concentration (control value) and loss of weight, on the assumption that, 
with the water lost, an equivalent amount (0-564 m.eq./c.c.) of NaCl was 
squeezed out. The mean difference between the observed and calculated 
values for the first six muscles that have not lost an excessive amount of 
water is 0-002 + 0-010; the agreement is good. In the last three muscles 
the loss of weight is excessive, and the mean difference between observed 
and calculated values is 0-065 + 0-052; the variability is rather large, so 
that the difference is still not significant. 

If this interpretation of base and water loss is correct, it suggests that 
the sodium chloride in such muscles, wherever located (in interspaces 
only, or in some parts of the cells also), is always present in the same 
concentration as in the fluid surrounding the muscle, as is the case in 
skeletal muscle [Eggleton, Eggleton & Hamilton, 1937]. Some experi- 
ments were performed to test this point. For example, two groups of 


second soaked in a saline containing 60 % of the normal NaCl concen-. 
tration, with extra glucose to maintain normal osmotic pressure. The 
total base concentration of the muscles in the first’ group was 0-322, 
0-277 and 0-313 m.eq./g., respectively, while in the second group, the 
total base concentration was 0-198, 0-182 and 0-188 m.eq./g., respectively. 
After subtracting 0-03 m.eq,/g. (the potassium concentration) from each, 
the sodium concentration of the muscles in the second group was there- 


Similar experiments were performed in which 20 % of the NaCl of the 
Mytilus saline was replaced by glucose in one group, and KC] in the other. 


The mean sodium concentration of the three muscles in the first group 
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was 3-3+40°8 mg./g. and of the three muscles in the second group was 
3340-5 mg./g. In another experiment, BaCl, was used instead of KC! 
for the second group, and the total electrodialysable base (Ba not in- 
cluded, see p. 2 above) was found to be 0-270-0-281 for the three 
muscles in glucose saline, and 0-280-0-291 for those in the BaCl, saline. 
The sodium concentrations (one pair of muscles only) were 3-33 and 
2-94 mg./g., respectively. Thus there is a free diffusion of potassium and 
barium chlorides into that part of the muscle into which glucose can 
diffuse. 

After soaking for 16 hr. in Mytilus saline, the total base concentra- 
tion of ten muscles varied from 0-292 to 0-401 m.eq./g. After subtracting 
the potassium concentration of the muscles, the sodium space was 
calculated to occupy some 45-65 % of the muscle—a figure correspond- 
ing exactly with that found by Eggleton [1935] for glucose diffusion. In 
freshly dissected muscles, however, the sodium space occupies only about 
30 % of the muscle. Substances can thus diffuse freely into about 60 % 
of the muscle. It is unlikely that the interspaces occupy such a large 
volume, so that the sodium space probably extends beyond the inter- 
spaces. This probability is also suggested by the fact that the muscle may 
swell by about\10 %, and also gain base, when soaked in Mytilus saline 
for 16 hr. The swelling of the fibres would diminish the interspaces, so 
that it is unlikely that the gain in base in such muscles is due to enlarge- 
ment of the interspaces. 

Effect of stimulation. The effect on the sodium concentration of winter 
muscles is shown in Table III (a). There is an average increase of about 
20 %; 1/1000 veratrine has no significant action on this gain in sodium, 
although veratrine greatly decreases tone (Table III (b)). There was no 
appreciable effect on the total base concentration of summer muscles 
_ (Table III (c), (d) and (e)), the changes being within the limits of experi- 
mental error. A curious fact was observed, that summer muscles lost 
weight as a result of stimulation if they were lightly loaded (Table ITI (d)). 
If stimulated with a.c. such muscles rapidly lengthen. One muscle from a 
cooled animal (Table III (e)) did not lengthen, but contracted, and it 


Similarly, muscles treated with cyanide do not relax, but contract on 
continuous stimulation with a.c., and there is a similar tendency, in some 
muscles, not to lose much weight, but even to gain some, as ane pete with 
the controls (Table III (f) and (g)). 

There was no alteration in the base concentration of the muscles in 
group (d); this probably means that the muscles gained base as a result of 


appeared to gain weight, as compared with the unstimulated control. 
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total base concentration 
Mean crease 
Mean tage increase on stimulation i 
No. of of Na or total base concentration, r 
muscle pairs and standard error Stimulated Unstimulated 
6 (a) Winter muscles, 60 min. stimulation — Se 
+23-449-0 (Na) | 
6 (b) Winter muscles in M/1000 
+22:142-9 (Na) 
7 ‘(c) Summer muscles, 60 min. stimulation +4041-2 
+53 43-8 (Base) 
5 (d) Summer muscles, li load —21-542-4 -6-2+1- 
-0-5+5-8 (Base) 
1 (e) Summer muscle, from cooled animal, —3-2 
60 min. stimulation 
2 (f) Summer muscles in 0-025 M NaCN, +11-2+41-9 2 . 
60 min. stimulation 
— 22-8 48-4 (Base) | 
3 (g) Summer muscles in 0-025M NaCN, -0-6+1-6 -8-9+0-8 
tly loaded, 60 min. stimulation 
+ 16-0 (Base) 
6 (A) lightly loaded, 15 ~7-542:8 -8-842-8 
~19-4 +4-2 (Base) 


IT (d). Loss of water as a result of prolonged stimulation has been found 
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Tastx III, The effect of stimulation with 4.0. on weight and sodium and 


stimulation. Winter muscles gain, and summer muscles lose weight if 
immersed in Mytilus saline, but the concentration of base is greater in 
summer muscles. Thus the average gain in weight by fifteen winter 
muscles soaked in Mytilus saline for 16 hr. was 6-6 %; the concentration 
of base was 0-231 m.eq./g. The average gain in weight by twelve summer 
muscles was —3 % and the concentration of base was 0-334 m.eq./g. If 
the muscle is stimulated only for 10-15 min., there is no appreciable 
change in weight, but the base concentration appears to be reduced 
(Table III (h)). If the muscle loses water, as a result of prolonged stimu- 
lation, this diminution in base would be minimized, as found in Table 


in skeletal muscle [Fenn, 1938; Tipton, 1938]. This greater loss of base 
when the muscle is stretched than when the muscle contracts isotonically 
is comparable to similar findings in skeletal muscle, wherein the loss of 
potassium is less if the muscle contracts isotonically than when it con- 
tracts isometrically [Fenn, 1938]. 

It is not clear what this loss of weight produced by .c. is due to; 
summer muscles behave as if they contain more calcium [Singh, 1938/] 
and it may be that during stimulation with a.c. calcium is ionized. If 
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muscles are treated with 0-05-0-1 M NaCN they gain weight, and this 
tendency to gain weight is antagonized by a.c. in some muscles (Table 
III (g)); calcium also exerts a similar antagonistic action. Again there is a 
tendency towards a greater base content in muscles that have lost weight. 
Relation between weight of muscle and contraction. It is difficult to 
record changes in weight of muscle during a momentary contraction, but 
in unstriated muscle we have the property that certain ions produce a 
persistent contraction, lasting for hours with accompanying changes in 
weight. Barium chloride produces an extreme contraction, and causes 
the muscle to lose weight by about 20 %. Calcium chloride also causes 
the muscle to contract, and lose weight. Saline, the sodium of which is 
replaced with potassium, causes contraction, which is rapidly followed by 
relaxation; initially it causes the muscle to lose weight, and in about 
10 min. the muscle rapidly gains weight, and is found to be completely 
relaxed. If a little potassium is added to calcium chloride solution 
(0-01 M KCl+0-366 M CaCl,) the muscle gains more weight than in a 
_pure solution of calcium chloride, and it relaxes. In strontium chloride 
the muscle gains more weight than in calcium chloride, and it is found to 
be relaxed. | 
In the above instances contraction of the muscle is accompanied by 
loss, and relaxation by a relative gain in weight. But in sodium chloride, 
which causes contraction, the muscle only gains weight, so also in 
“Ringer Tonus”. Sodium bromide and sodium nitrate have a similar 
effect, sodium iodide and sodium thiocyanate cause a greater increase in | 
weight, and the muscle in them is found to be relaxed. Sodium cyanide 
causes the greatest increase in weight, and yet the muscle never relaxes. 
It thus appears that these changes in weight represent the effect of 
individual ions, rather than of contraction per se. Barium chloride causes 
contraction as well as dehydration, while sodium chloride causes con- 
traction but hydration. The above experiments may be of importance in 
connexion with any change in weight, produced secondarily to changes in 
concentration of ions in the muscle, during or subsequent to stimulation. 
Changes in the weight of the muscle are an expression of changes in 
the water content, and there appears to be a direct relation, in many 
cases, between the water content and the rate of change of length in 
response to a change in the load (the “‘viscosity”’ of the muscle). Thus 
immersion in hypertonic solutions, in solutions of pH 4-4, and in BaCl, 
ang 0-6% CaCl, solutions all result in dehydration and increase in 
“viscosity”. Immersion in hypotonic solutions, and in solutions of KCl, 
on the other hand, result in hydration and decrease in “viscosity”. The 
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nature of muscle “viscosity” is too obscure, however, for it to be 
profitable to advance any hypothesis as. to the origin of this relation. 

Properties of the end-preces. Table II shows that the base content of the 
end-pieces is high compared with that of the centre portion of the muscle. 
This shows that the permeability of the cut ends of the muscle fibres is 
greater than that of their surface. This is also shown by immersing a 
muscle for some hours in Mytilus saline of pH 4-4 (acetate 0-05 M). It 
gradually becomes opaque, first at the cut ends, and then at the other 
parts. Diffusion through the muscle is slow, however, and is checked by 
the ligatures at each end; the cut ends do not, therefore, constitute a 
serious source of leakage into the fibres. 


Discussion 


The sodium concentration of muscle, striated as well as unstriated, 
increases as a result of prolonged stimulation. One should be cautious in 
interpreting this finding as constituting an essential part of the excitation 
process, because the processes resulting from a single excitation may be 
quite different from those which are produced as a result of prolonged 
stimulation. Thus if the muscle in partial tonic contraction be stimulated 
every minute with a.c. (10 V.-10 sec.) for the first few minutes tone 
decreases and subsequently increases. Further, just as the responses 
produced in the muscles are quite different after stimulation from those 
produced before, so also may there be considerable differences in the 
chemical changes produced. There is some support for this statement, 
since Fenn [1938] found that the sodium concentration of skeletal muscle 
was greater if it contracted intermittently than if it was in continuous 
tetanus. Tetanus produced by electrical or nervous stimulation is thus 
antagonistic to increase in the sodium concentration. This appears to be 
in agreement with the views mentioned previously [Singh, 1938a, }, c, d, e] 
that tone is produced by sodium, since tetanus produced by electrical 
stimulation of Mytilus muscle is antagonistic to tone and the sodium 
contracture [Singh, 1938/]. 

SUMMARY 


1. Stretching causes the muscle to lose weight and base. 
2. The loss of base thus produced is equal to the loss of base calcu- 
lated from the loss of water with sodium chloride necessary to render it 


isotonic (0-564 M NaCl). 


3. Sodium chloride, potassium chloride and barium chloride diffuse 
freely where glucose diffuses. 
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4. The sodium concentration of the muscle increases by about 


hour. 

5. The muscle loses weight, if lightly stretched, during passage of 
alternating current. 

6. The muscle contracts as well as loses weight if immersed in 
BaCl, or CaCl,, and relaxes as well as gains weight if immersed in SrC), 
or KCl. In sodium salts, it contracts as well as gains weight. 

7. The permeability of the cut ends of the muscle is greater than that 
of other parts. 
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- and carbon dioxide in the mixed venous blood is that in circulation rate 


‘ in their “straddle” method. 
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THE INDIRECT DETERMINATION OF THE GAS 
TENSIONS IN THE MIXED VENOUS BLOOD 


By I. F. 8. MACKAY 
Department of Physvology, Manchester University 
(Received 20 January 1939) 


Tue importance of a method which determines the tensions of the oxygen 


experiments the O, figures may be used to check the accuracy of the results 
obtained from the CO, estimations. 
The term “true venous pulmonary air” is applied to a gas mixture in 
the lungs which has been brought into equilibrium with the CO, and O, 
in the mixed venous blood. “ Venous pulmonary air” generally refers to a 
gas mixture equilibrated with the venous blood in which there is excess 
QO, present, so that the CO, tension is determined in fully oxygenated 
blood. Brocklehurst, Haggard & Henderson [1927] have called this 
“virtual venous alveolar air”’. 
The principle of the method is based on the modifications of two 
methods used by previous workers. 
First, a washing-out process as used by Douglas & Haldane [1922] 


Secondly, an equilibration, and rebreathing process, as used in the 
methods of Henderson & Prince [1917] and Meakins & Davies [1921]. 
A similar combination of — has been used by Burwell & Robinson 
[1924]. 

METHODS 


The method is divided into two separate processes: — 

The washing-out process. In this the lungs are washed out with a 
mixture which leaves the pulmonary gas tensions as near as possible to 
those in the mixed venous blood, as in the sou ie — used by 
Douglas & Haldane [1922]. 
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The equilibration process. A period of rebreathing immediately follows. 

The time taken for both procedures must be less than the circulation time. 

The above processes are repeated until the partial pressures of gases 
in the lung-bag system become constant. 


THE APPARATUS 


A Douglas bag (100 1.), which contains the mixture of the gases for the 
washing out (see Fig. 1), is connected by means of a large-bore rubber 
tube and a three-way tap (7) to a sliding mouthpiece, which is a modi- 
fication of that used by Israéls & Lamb [1929a]. Thus a transference 
from one breathing system to another can be done instantaneously and 
without taking the mouth from the breathing tube. 

For equilibration a 4 1. rubber bag B (see Fig. 1) is connected to E on 
the sliding mouthpiece by means of large-bore tubing and two taps 7, and 
T,. By closing the taps 7, and T, a sample of gas can be trapped, and a 
specimen taken for analyses through the small side tube A. 

The rubber bag B should not be too large, otherwise it would not be 
possible to reach equilibrium within a period shorter than the circulation 
time. Grollman & Marshall [1928] consider a bag of 2-5 1. to be correct, 
but it is better to approximate to the vital capacity, thus allowing free 
respiratory movement, and to permit the completion of the final deep 
expiration. 

The small Haldane gas analysis apparatus was used. 


PROCEDURE 
The washing out 
The taps and the mouthpiece of the apparatus are set as shown in 
Fig. 1. 
There are three stages: | 
(a) Without any variation from the normal quiet breathing the mouth 


made rapidly to the outside air via tap 7;. 

(6) Immediately following the expiration the tap 7; is turned to 
connect the mouth with the Douglas bag. The deepest possible inspiration 
is then taken. 

(c) The sliding mouthpiece is now moved up into the second position, 
M,, 80 that it is opposite the tube # (Fig. 1). A full expiration is then 
made to the outside air via the tap T,. At the commencement of an 
experiment, instead of expiring to the outer air this expiration is made 
into the empty 41. rubber bag B, thug giving a gas mixture which will 


is placed against the mouthpiece and a deepest possible expiration is” 
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accelerate the process of equilibrium between the lung-bag gases and the 
mixed venous blood. 


These three operations can easily be completed within:5 sec. 


i 


Fig. 1. 
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The equilibration 
The tap 7; is turned to connect the 41. bag B with the mouthpiece, 
which is in position M, (Fig. 1). The contents of the bag are then rapidly 
rebreathed five or six times as deep as possible. When the stop-watch 
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reads 13 sec. a forced expiration is commenced, so that the experiment 
will be completed in 14-15 sec. The alveolar air of this last expiration is 
_ trapped between the taps 7, and 7’, for analysis. 
The timing of all the experiments done here was as follows: A stop- 
watch was started at the commencement of the deep expiration at the 
beginning of the washing out, and was stopped at the end of the last deep 
expiration in the rubber bag. 
After a series of these two consecutive processes the partial pressures 
of the CO, and 0, will be found to reach a constant level. Fig. 2 shows 
this, and it has been called by Israéls & Lamb [19296] a “primary 
plateau”. 
The production of a primary plateau is not sufficient evidence that 
the gases in a lung-bag system have been brought into equilibrium with 
the gases in the mixed venous blood. If the experimental conditions are 
constant, primary plateaux may be produced at incorrect levels. 

The conditions necessary for obtaining true venous pulmonary atr 
To bring the gases in the lung-bag system into equilibrium with the 
gases in the mixed venous blood, the following conditions must be 
satisfied : 
(1) A correct washing-out mixture must be used. 
(2) A “secondary plateau” must be produced. 
(3) Each experiment must be completed within the detblation time. 
(4) Complete and thorough mixing of the lung and bag gases must 
take place. 
All the experiments to investigate these points were performed on one 
subject. 

The determination of the correct washing-out mizture 

The correct mixture would be that which would leave the alveolar 
gases in approximate equilibrium with the mixed venous blood. This can 
be shown by comparison of alveolar samples with the “true venous 
pulmonary air” (‘‘T.v.p.a.”) obtained at the same sitting. 
The CO, percentage. From the results of the experiments given in 
Table III this gas in the venous blood of this subject will lie between 
44-0 and 46-7 mm. Hg. So it is desirable to have the partial pressure of 


place. The results in Table I show that to obtain this a mixture of 
approximately 7-10-8-00% would have to be used. 

The O, percentage. If the average of the O, figures in Table I is taken, 
one might expect by using a mixture of 0-65% to obtain in this subject 


CO, in the lungs close to these values after the washing out has taken __ 
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Taste I 
atmosphere A 


u 

co, 0, mm. Hg mm, Hg mm. 
8-09 


6-73 0-71 42-7 32-5 43-9 30-0 


partial pressures in the alveoli of 35-2 mm. Hg. The O, in the “t.v.P.a.” 
was found to lie between 30-2 and 33-9 mm. Hg (see Table III). Thus 
with low O, mixtures it is not possible to bring the alveolar air into exact 
equilibrium with the O, in the venous blood by the washing-out process 
alone. The difference, however, is small and will easily be overcome in the 
equilibration stage. 

Three of the results in Table I show the difference between the 
alveolar samples and the tensions in the “T.v.p.a.” reached at the 
completion of the estimations is for: 

CO, ... 1:2 mm. Hg to 2:1 mm. Hg 
O, ... 2-5 mm. Hg to 6-9 mm. Hg 

Mixtures with CO, and 0, differing by about 1% produced approxi- 

mately the same primary plateau (see Table IT). 


II 


7:97 0-46 43-6 31-9 
7-00 0-52 43-4 812 
6-71 1-18 44-2 30-0 
6°73 0-71 43-9 30-0 


_ The only previous workers whose results can be compared with these. 


~ are Burwell & Robinson [1924]. Objections can be made to the methods 


that they used. In the first place they took 20sec. to complete an 
experiment, so probably involving errors due to recirculation. Secondly, 
the evidence that they bring forward to prove that. their results are 


7-54 0-68 42-6 39-4 44-0 32-5 4 
731 0-51 44-4 35-5 
| 7-16 0-52 41-9 35-4 44-0 30-2 . 
711 0-70 43-6 33-1 oom — q 
711 0-71 43-4 33-3 — 
4 
Primary plateau obtained q 
Washing-out mixtures after washing out and E 
(% of atmosphere) equilibration : 
CO, 0, CO, 0, q 
% % mm. Hg mm. Hg 4 
| 
q 
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correct is unsatisfactory. To quote their own words: “We believe, 
therefore, in the light of the constancy of our results and the experience 
of others, that the gas samples from the bag represented exactly or very 
closely the mixture that had been exposed to the blood in the lungs.” 
If by constancy of their results they’should mean the production of a 
primary plateau (see above) this is not sufficient evidence of a true 
equilibrium between the gases in the venous blood and a lung-bag 
m. 

In their methods and those of Douglas & Haldane [1922] one breath 
was found to be insufficient in a washing-out process to produce equili- 
brium. This may have been due to the high O, percentages employed. 

It is obvious that if the experiment is to be completed within the 
circulation time, the longer the time spent with the washing out the 
shorter is the period left for equilibration. 

If the washing out is done thoroughly, as explained above, and with 
the correct percentage, the gas mixture left in the lungs is sufficiently 
near to that of the venous blood for equilibrium to be reached in the 


second stage, and nothing is to be gained by repeating the washing out. 


The production of a secondary plateau 

This has been outlined by Henderson & Prince [1917]. They completed 
a series of experiments to produce primary plateaux, and varied the time 
of each experiment. They plotted the duration of the experiment against 
the level of the primary plateau, and obtained what has been called by _—ES_— 
Israéls & Lamb a “secondary plateau” [19296]. This is shown in bl 4 
in Henderson & Prince’s paper. 

The production of this secondary plateau is very strong evidence i in 
favour of the fact that equilibrium has been obtained. For example, if 
equilibrium had not been reached at 10 sec. [Henderson & Prince, 1917, 
fig. 4] and the venous CO, was higher than that shown by the primary 
plateau, a higher primary plateau would be reached at 13 sec. As there is 
no actual alteration at 13 sec. equilibrium must have been reached in the 
first instance at 10 sec. 

An attempt has been made here to attain this secondary plateau for 
“true venous pulmonary air”, that is for 0, and CO,. The results of five 
experiments are given below in Table III and Fig. 3.  / 

It will be seen from Table III that there is a plateau forthe O, but 
no definite secondary plateau for the CO,. It will also be noted that the 

rise of the CO, is not proportional to the drop of the O,. One reason for — 
this may be that it is due to the low O, partial pressures present, Douglas 
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IIT 


Exp. 1 (Fig. 3). Washing-out mixture 7:10% CO,, 071% 0, . Bar. 758mm. Hg. 


Sec. -CO, (mm. Hg) i = Hg) 


Secondary plateau = 44-7 mm. Hg CO,, 31-8 mm. Hg 0,. 
Exp. 2. Washing-out mixture 7-63% CO,, 083% O,. Bar. 758mm. Hg. 
Sec. CO, (mm. Hg) O, (mm. Hg) 


‘5 44-8 7 36-2 
8 45-8 34:8 


9 
Plateau = { 1} 46-0 33-8 
32-8 
Secondary plateau = 46-1 mm. Hg CO,, 33-9 mm. Hg 0,. 
Exp. 3. Washing-out mixture 7-47% CO,, 0-67% O,. Bar. 753mm. Hg. 
Sec. CO, (mm. O, (mm. Hg) 
39-4 


Secondary Hg CO,, 32:5 mm. Hg 0,. 
pies 4. Washing-out mixture 7:17% CO,, 0-52% O,. Bar. 761mm. Hg. 
. Sec, CO, (mm. Hg) 0, sce Hg) 


Exp. 5. Washing-out mixture 8-06% CO,, 052% O,. Bar. 757 mm. Hg. 
Sec. CO, (mm. Hg) O, (mm. Hg) 
36 


=46-7 mm. Hg 00,, 384 mm. Hg 0, 


15 


4 
y 4 
a 8 44-9 33-0 a 
44-7 31-6 
44-7 32-2 
16 44-5 31-6 
17-5 44-6 29-8 3 
h 19 45-4 30-1 3 
22-5 45-2 30-1 
; 
| 8-5 43-9 32-6 3 
ll 44-2 32-3 q 
Plateau = {12 44-0 331 
14 43-8 31-9 
15 44-2 31-7 4 
18 44-1 30-7 
10 44-3 30-2 q 
_ 43-6 30- 
Plateau = 14 44-1 30-6 a 
16 43-9 29:8 
18 45-0 29-0 a 
9 46-8 
46-7 
15 46-5 34-0 f 
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& Haldane [1922] also noted this with a breath-holding method, and gave 
as an explanation the fact that the tissues readily store dissociable CO,, 
whereas dissociable O, is stored hardly at all. 


| 


arbon 


dioxide 


10 25 


5 10 15 20 25 30 : 


Fig. 4. 


The rise in the percentage of CO, in a bag with rebreathing when there 
is excess of O, present was used by Brocklehurst & Henderson [1927] in 
a method for determining the CO, capacity of the body. A comparison 


> 
; 
A 
fi 
Ox en 
30 bad 
4 Seconds 
Ww 
3 
4 8 
4 
7 
“SS 
4 6 
a 
re 
‘ | 


GASES IN THE MIXED VENOUS BLOOD 17 


which shows how this rise is affected by the presence of 0, is given in 

Fig. 4 from data obtained in experiments here. The upper graph shows 

that obtained under the conditions of Brocklehurst & Henderson, and 

the lower obtained when the O, was approximately that of the normal 

mixed venous blood, as obtained in the above experiments. A comparison 

of the results of the determination of (a) “virtual venous air”, (b) “true 
venous pulmonary air” gives the following: 


Taste IV 
(a) “Virtual venous air” (b) “True venous pulmonary air” 
CO, 0, 2 0, 
49-7 mm. Hg Excess 44-0 mm. Hg 30-2 mm. Hg 


These figures show a difference of 5-7 mm. Hg between “virtual venous 

air” and “true venous pulmonary air” for CO, obtained at one sitting. 
_ The completion of the experiment within the circulation time 

. The circulation time has generally been assessed at about 20 sec. 

One of the early estimations by Vierordt was at approximately 
22 sec. Blumgart & Weiss [1927], using a radium method, estimated it 
at 14-24 sec. : 

In rebreathing experiments the fundamental conception of recircula- — 
tion is as follows: The blood leaving the lungs may contain the venous 
tensions of CO, and O,, and when it recirculates to the lungs again from 
the tissues, the CO, will have risen above and the 0, dropped below the 
normal venous level: This change will produce a corresponding alteration 
in the gases of a lung-bag system in rebreathing experiments. When this 
change occurs recirculation will have taken place. Reference to Fig. 4 in 
Henderson & Prince’s [1917] paper shows that they estimated recircula- 
tion to take place in approximately 16 sec. From the results of the 
above experiments which produced secondary plateaux (Table III) for 
OQ, it will be noted that recirculation (that is, the point where the O, 
commences to fall from the plateau) occurs at approximately the same 
time in two of the experiments, i.e. at 16 sec. (see Fig. 3) and at shorter 
intervals (11, 14, 15 sec.) in the remaining three sets of figures, 


The complete and thorough mixing of the gases in the 
lung-bag system 
An investigation of this problem was carried out as follows: 
A deep inspiration from the washing-out mixture in the Douglas bag 
as in the washing-out process is taken and expired into the bag B. 
PH. XOVI. 2 
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Two samples are taken: 

(1) Of alveolar air from the trap (Fig. 1). 

(2) From the bag B. : 

Following the preliminary filling, a series of experiments consisting 
of washing out and equilibration are completed as in the production of a 
primary plateau. Two samples are taken after each experiment as above. 
The results are given below in Table V and Fig. 2. 


TaBLE V 
. (Bar. 751 mm. Hg) 
Sample (1) from the trap 
alveolar air 
from the lungs Sample (2) from the bag B 
004 (%) Os (%) 
After the preliminary filling: 
6-15 4-27 5-85 5-08 
_ Ist exp. (consisting of washing out and equilibration): 
6-25 4-50 6-31 4-58 
2nd exp.: 
6-47 6-48 4-25 
3rd exp.: 
6-43 4-23 6-48 4-30 


These results show that the gases in the lungs and the gases in the bag 
reach an equilibrium with two experiments after the initial filling. _ 

In lung-bag experiments two processes have been used to produce 
mixing of the gases: 

(1) Breath holding. This method was uséd by Henderson & Prince 
[1917] and consists of holding the gases in the lungs. For example, an 
inspiration is taken, and the breath is held in the inspired position for a 
period and then the expiration is made. 

(2) Rebreathing. This was used in these experiments. Boothby [1915] 
and Laurens [1918] have criticized “breath-holding”, and the latter 
maintained that rebreathing was the better method to produce mixing. 
Wardlaw [1916] concludes from his work that the rate of gaseous exchange 
is twice as great in movements as when the breath is held. 

This problem of producing equilibrium, and complete mixing between 
the lung and bag gases, would be of the greatest importance if the samples 
were drawn from the bag. In these experiments, however, the samples 
are taken from the trap which contains the alveolar air from the lungs. 
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the laboratory a series of determinations of true venous pulmonary air 
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The conditions under which the experiments should be performed 
If the “true venous pulmonary air” is to be determined under con- 


standard conditions. The “basal state” would be the ideal condition, but 
this is difficult to obtain owing to the respiratory manipulations. The 
“resting state”’, if strictly adhered to, is the best. 

It is well to define this “resting state”. If in the morning on entering 


is made, it is found that the values alter with time, and it is only after 
a considerable period that a constant level is reached. In Table VI are 
given the results of three such experiments. 


Tasiz VI 
Bar. 757 mm. Hg 
Time 3 CO, (%) 0, (%) 
12.20 p.m. 6-62 
105 p.m. 8-50 4-49 
1.38 p.m. 6-40 
2.06 p.m. 6-32 4-50 
2.23 p.m. 6-25 461 
2.36 p.m. 6-28 4-56 
Bar. 763 mm. Hg 
10.10 a.m. commenced 
10.40 a.m. 6: 4-47 
10.53 a.m. 6-23 4-66 
11.15 a.m. 6-15 4-60 
11.43 a.m. 6-11 4-76 
12.25 p.m. 619 4°57 
Bar. 753 mm. Hg 
10.12 a.m. commenced 
10.35 a.m. 6: 4-45 
10.52 a.m. 6°39 4-25 
11.13 a.m. 6-29 4-25 
11.40 a.m. 6-29 415 
Noon 6-28 4°27 
12.20 p.m. 6-25 4:33 


These figures show that for this subject it is necessary to rest for at 
least 2 hr. before the “resting state” is obtained. 

Between each experiment the subject should be at complete rest in a 
chair for a period of at least 5 min. The actual respiratory manipulations, 
consisting of washing out and equilibration, are best done in a standing 
position, as this allows more freedom. 

Barcroft & Marshall [1923] discuss the question of the time taken to — 
“settle down” and note that it varies in different individuals. In Marshall 
it took 15 min., while in Barcroft it took 2 hr. : 
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20 I, F. 8. MACKAY 
SUMMARY 

1. A method is described for the determination of “true venous 
pulmonary air”. 

2. The conditions which must be fulfilled before “true venous 
pulmonary air” can be obtained experimentally are stated, and experi- 
ments are completed to show that the method used here complies with 
these conditions. | | 
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THE GASTRIC SECRETIONS IN EXPERIMENTAL 
HYPOCHLORAEMIA 


By ALEXANDER LYALL anp BRUCE M. NICOL 
From the Department of Clinical Chemistry, University of Aberdeen 


(Received 30 January 1939) 


Up to the present time there seems to be little unanimity of opinion as to 
how far changes in the chemistry of the blood can influence the nature 
of the gastric secretions, either in amount or in composition. In the 
literature, changes in the plasma chloride level and alterations in acid- 
base equilibrium have received most attention in this respect. Thus, 
Apperly & Crabtree [1931], as a result of experiments on nine healthy 
men, state that the total amount of hydrochloric acid secreted by the 
stomach is proportional to the amount of CO, dissolved in the plasma, 
whereas the concentration of the acid is determined by the plasma 


bicarbonate. They do not give simultaneous values for plasma or whole 


blood chlorides. Browne & Vineberg [1932], working on dogs, conclude 


_ that diminution of total CO, (dissolved and combined) in the circulating 


blood lowers both the volume and the concentration of hydrochloric acid 
in the gastric secretions. Katsch & Mellinghoff [1933] investigated the 
gastric secretions in cases of peptic ulcer, in which they had produced a 
mild degree of hypochloraemia by continuously withdrawing the stomach 
contents for 3 days. McCance [1938] produced salt deficiency in normal 
individuals by the elimination of NaCl from the diet, and by increasing 
the output of salt by sweating. He was unable to show any definite 
reduction in the acidity or total chloride content of the gastric juice 
under these conditions. Soley, Lagen & Lockhart [1938] carried out the 
same type of experiments on three healthy men with results similar to 
those of McCance. 

The degree of hypochloraemia and disturbance of acid-base equili- 
brium achieved by these methods in normal individuals is much less 
severe than that commonly met with in patients suffering from the later 
stages of pyloric stenosis. In such conditions it is common to find the 
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plasma chlorides reduced to below 70 mM. (400 mg./100c.c.), with an 
increase in the CO, combining power of the blood to 100 c.c./100 c.c. 
_ [MeVicar, 1925; Cooke, 1932; and Nicol & Lyall, 1938}. It was suggested 
by Prof. J. R. Learmonth that such severe alterations in the blood 
chemistry might be produced with relative ease in patients with pyloric 
stenosis and gastric hypersecretion. The present paper contains data 
obtained from the investigation of two such patients. Both had normal 
blood chemistry when first seen in hospital. Fractional gastric analysis 
showed both to be suffering from hyperacidity and hypersecretion. 

Case 1. J.G., male aged 56, was admitted to Aberdeen Royal In- 
firmary complaining of upper abdominal pain which had been accom- 
panied by vomiting for 4 months. He had been losing weight for 1 year. 
He had never suffered from any other serious disease. On examination he 
was found to be wasted and to have hypochromic anaemia. His stomach 
was dilated and contained 400 c.c. of contents when fasting. The bio- 
chemical findings on admission were: plasma chloride 104 mM. (606 mg./ 
100 c.c.), CO, combining power 68 c.c./100 c.c., and blood urea 36 mg./ 
100-c.c, At operation the scars of two healed ulcers were found, which 

were causing a marked degree of pyloric obstruction. 

Case 2. N.G., female aged 42, had suffered from abdominal pain for 
20 years. During the previous year she had intermittent attacks of 
vomiting. On examination she was found to have a dilated stomach 
which held 600 c.c. of fasting contents. Examination of the blood showed 
the following: plasma chloride 93 mM. (540 mg./100 c.c.), CO, combining 
power 55c.c./100c.c., and blood urea 28 mg./100c.c. Blood counts 
showed a very mild hypochromic anaemia. At operation the pylorus 
was found to be constricted by scar tissue. 


METHOD OF INVESTIGATION 


The object of the investigation was to produce hypochloraemia and 
alkalosis without causing any dehydration, and to compare the nature of 
the gastric secretions before the establishment of these conditions with 
the gastric secretions obtained when the alkalosis and hypochloraemia 
were most severe. 

The patients were given a diet consisting of 150 c.c. of milk or of a 
mixture of whey, glucose and orange juice every hour from 7 a.m. to 
10 p.m. In addition they were given glucose in water per rectum in 
sufficient quantity to prevent any dehydration as a result of the con- 
tinuous aspiration of the gastric contents. On the first day of the 
experiment a Ryle’s tube was passed into the stomach and kept in 
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position for 24 hr. On the subsequent days all available gastric contents 


_ were removed at intervals of 20 min. and collected as one specimen for 


each 24 hr. period, as much as 30 g. chloride (as NaCl) being obtained 
in 1 day. Aspiration was continued until the plasma chloride had fallen 
to sufficiently low levels, which took 4 days in the case of N.G. and 5 days 
in the case of J.G. At this point only hourly samples were taken for 
titration for 24 hr. The patients were then given salt intravenously and 
per rectum. When the plasma chloride level had again returned to normal, 
further estimations of gastric acidity and total chlorides were made over 
a test period of 24hr. Daily determinations of plasma and urinary 
chlorides, plasma CO, combining power and blood urea were made, and 
records were kept of the haemoglobin, red and white cell counts, and 
haematocrit readings. The specific gravity, reaction, and urea content of 


the urine were also estimated. All specimens of gastric juice were titrated 


with N/10 NaOH for free and combined acidity, Topfer’s reagent and 
phenolphthalein respectively being used as indicators, and the total 
chlorides (HCl + combined HCl + neutral Cl) were estimated by van Slyke 
and Sendroy’s method. All blood samples were collected and centrifuged 
under paraffin and the plasma chlorides were determined by the same 
technique. As far as possible the Ryle’s tube was kept in the same 


* position in the stomach during each 24 hr. test period, as it has been 


shown by Duthie [1929] that samples of gastric juice taken simultaneously 
from different levels in the stomach vary in hydrochloric acid concentra- 
tion. The daily fluid intake and output was charted and sufficient water 
was given per rectum to prevent any marked rise in the haematocrit 
reading, as it was desired to eliminate any alterations in the blood 
chemistry and gastric secretions due to haemo-concentration. 


RESULTS 


Eup. 1 (J. G.). The data obtained from this case are given in Table I 
and Fig. 1. Table I shows that at the beginning of the experiment the 


_ blood chemistry was normal (plasma chloride 104 mM. (606 mg./100 c.c.), 


blood urea 36 mg./100c.c., and CO, combining power of venous blood 
68 c.c./100 c.c.). Examination of the urine did not show any abnormality 
apart from the fact that the urea content was rather low. Fig. 1 shows 
the free and combined acidity of the gastric juice over 24 hr. periods on 
the day before the experiment was started, during the period of hypo- 
chloraemia, and after recovery. The average total chloride content of the 
gastric juice during the control 24 hr. was 117 mM. (680 mg./100 c.c.). 
On the first day of the experiment the haematocrit reading was 34, the 
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haemoglobin 76% and the red blood cell count 4-01 millions. During the 


next 5 days all the available gastric juice was aspirated from the stomach 


and it is seen in Table I that the amount obtained each day fell from 


4260 c.c. on the first day to 1690 and 1800c.c. on the days when the 
alkalosis and hypochloraemia were most severe. (It should be noted that 
the intake of fluid by mouth on each day was the same.) The result on the 
blood chemistry of withdrawal of salt from the diet and of aspiration of 
the gastric contents was to reduce the plasma chloride level from 104 mM. 
(606 mg./100.c.c.) to 64mM. (373 mg./100c.c.), and to increase the 


Fig. 1. Exp. 1 (J. G.). 


plasma CO, combining power from 68 to 130 c.c./100 c.c. Accompanying 
this there was a rise in the blood urea from 36 to 78 mg./100c.c. Blood 
counts and haematocrit readings showed that no haemo-concentration 
had occurred. Although the total amount of gastric juice diminished with 
the establishment of hypochloraemia and alkalosis, the total chloride 
concentration of the gastric juice showed no constant alteration. Thus at 
the beginning of the experiment the total gastric chlorides were 117 mM. 
(680 mg./100 c.c.) and during the experiment the values determined lay 


- between 122 mM. (707 mg./100 c.c.) and 92 mM. (533 mg./100c.c.). On 


the day of the most severe hypochloraemia the total gastric chloride was 
111 mM. (641 mg./100 c.c.), almost the same as at the beginning of the 
experiment, although the plasma chloride had fallen from 104 mM. 
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(606 mg./100 c.c.) to 64 mM. (373 mg./100.c.c.), and the CO, combining 
power had risen from 68 to 130c.c./100c.c. After restoration of the 
plasma chlorides to 101 mM. (584 mg./100 c.c.) by normal saline given 
intravenously, the gastric total chlorides were 134 mM. (788 mg./100 c.c. ); 
rather higher than at the beginning of the experiment. 

Examination of the urine showed little change from day to day. The 
total amount decreased, probably because insufficient fluid was being 
given to balance the loss from the skin and the lungs. The amount of urea 
increased only ‘very slightly in the 24 hr. samples estimated, and the 
urinary excretion of chloride practically ceased when the plasma chlorides 
fell below 86 mM. (500 mg./100c.c.). The reaction of the urine was 


persistently alkaline until the CO, combining power had fallen to 
72 ¢.c./100 c.c. 


ae xi. 38 


Total. ecid xi. 38. 


ae 


| Fig. 2. Exp. 2 (N. G.). 


Exp. 2 (N. G.). The findings in this case, which are shown in Table II 
and Fig. 2, were almost identical with those in Exp. 1. The blood 
chemistry at the beginning of the investigation was as follows: plasma 
chlorides 93 mM. (540 mg./100 c.c.), CO, combining power 55 c.c./100 c.c., 
and blood urea 28 mg./100c.c. After gastric aspiration for 4 days, during 
which time the volume of the gastric contents which were obtained fell 
from between 2$ and 3 to 11., the plasma chloride diminished from 
93 mM. (540 mg./100 c.c.), the CO, combining power increased from 55 to 
102 c.c./100 ¢.c., and the blood urea rose from 28 to 54 mg./100 c.c. The 
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gastric chloride varied very little during the course of this experiment, 
the range being from 78 mM, (450 mg./100c.c.) to 68 mM. (397 mg./ 
100 c.c.). 

In this case the urine became alkaline when the CO, combining power 
had risen above 96.c./100c.c. A small increase in the haematocrit 
reading occurred during the period of gastric aspiration, and this was 
accompanied by an increase in the haemoglobin and red blood cell count, 
- indicating a slight degree of haemo-concentration. 

Discussion 

Isolated observations on the nature of the gastric secretions in 
pathological alkalosis and hypochloraemia in man seemed to suggest that 
the gastric mucosa was still capable of secreting chlorides and hydro- 
chloric acid in considerable quantities under such circumstances. De- 
tailed investigations in a series of healthy men [McCance, 1938; Soley 
et al. 1938] and in a series of cases of hypochloraemia and alkalosis 
occurring pathologically [Nicol & Lyall, 1938] showed that no fall in the 
chloride content of the gastric juice or in the concentration of hydro- 
chloric acid occurred as a result of these disturbances in the blood 
chemistry. The present paper records the results of an attempt to correlate 
_ the characters of the gastric secretions with such changes in the blood 
chemistry produced experimentally. The changes in the composition of 
the blood which have been produced were: (1) a diminution in plasma 
chloride to almost half normal levels; (2) a marked increase in the CO, 
combining power of the plasma. The data collected regarding the gastric 
secretions show that (1) there is no appreciable alteration in the concen- 
tration of the chlorides which the gastric mucosa can secrete, even when 
the plasma chloride has been reduced to half normal values; (2) the 
concentration of hydrochloric acid in the gastric contents shows no 
significant alteration during experimental hypochloraemia and alkalosis; 
(3) the volume of the gastric secretion is diminished almost proportion- 
ately to the severity of the disturbance in the blood chemistry. 


_ Katsch & Mellinghoff [1933] and Mellinghoff & Heuschert' [1934] 
carried out a similar procedure and withdrew gastric contents over 


periods of 3 days from patients with peptic ulcer. They were able to _ 
remove up to 33 g. of sodium chloride by this means, which resulted, in _ 


their series of cases, in a diminution in the whole blood chloride of. 


51 mg./100c.c. This led to a diminution of 20% in the volume of the’ 


gastric secretion, but the total chloride concentration of the gastric juice 
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showed no significant alteration. These results are essentially of the same 
nature as those reported in this paper, but of a lesser degree. Additional — 


evidence to the same effect is contained in the work of Dragstedt & 


Ellis [1930] and McCance [1938] in dogs, and Soley e¢ al. [1938] in man. 
This evidence shows that the concentration of total chloride and hydro- 
chloric acid secreted by the gastric mucosa is not influenced by diminu- 
tion of the plasma chloride and increase in the plasma CO,, even when 
such changes are of the severity produced in our own experiments. It is 
difficult to correlate this evidence with the findings of Apperly & Crabtree 
[1931] and Browne & Vineberg [1932], whose interpretation of their 
experimental results led them to state that the total chloride and 
hydrochloric acid concentration of the gastric juices was necessarily 


-telated to the plasma CO,, particularly since the former authors intro- 


duced complicating factors by the administration of ammonium chloride 
and sodium acetate to bring about changes in the plasma CO,. 

On the other hand, the data presented here can be torrelated with the 
evidence adduced by Gilman & Cowgill [1932, 1933], that the chloride 
concentration of the gastric juice, either as neutral chloride, HCl or 
both, is always such as to bring it into osmotic equilibrium with the blood 
plasma. If this theory of gastric secretion be correct, it follows that the 
gastric total chloride concentration normally may exceed the chloride 


_concentration of the blood, and the same theory explains the occurrence 


of high concentrations of the gastric chloride during hypochloraemia. 
Gilman & Cowgill suggest a one-way permeability of the gastric mucosa 
to the chloride ion as an explanation of the concentrations achieved. 
Diminution in total volume of the gastric content in the hypochloraemic 
state is possibly a compensatory process to achieve such osmotic equili- 
brium. Complete identity of our experiments with those of Gilman & 
Cowgill is impossible, since they probably produced no major alteration 
in the chloride content of the blood plasma in their experimental animals, 
and we have no data upon the osmotic pressure of the fluids investigated 
in our material. A crucial experiment would be the determination of 
osmotic pressure of blood and gastric content in experimental alkalosis 
and hypochloraemia in man. : 
SUMMARY 


1. Hypochloraemia and alkalosis have been produced in two subjects 
with gastric hypersecretion by continuous removal of the gastric contents. 
«2. Observations were made on the character of the gastric secretions 
under control conditions and during hypochloraemia and alkalosis. 
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8. No significant change occurred in the composition of the gastric 
juice as a result of these alterations in blood chemistry. The total 
volume of gastric juice was diminished. 
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THE RELATION BETWEEN CONCENTRATION OF 
VISUAL PURPLE AND RETINAL SENSITIVITY 
LIGHT DURING DARK ADAPTATION 


_ By RAGNAR GRANIT, A. MUNSTERHJELM ann M. ZEWI 
From the Physiology Institute, Helsingfors University 


(Received 10 February 1939) 


_ , Tae concentration of visual purple during dark adaptation was first 
: measured by Tansley [1931], who used the eyes of previously light- 


| adapted albino rats, killed after certain standard periods of dark 

| adaptation. A similar experiment was performed by Charpentier [1936], 
but instead of extracting visual purple and measuring its density, he 

| recorded the size of the electrical response of the rat’s eye (the so-called 

b-wave) and found it to increase during dark adaptation along the curve 

published by Tansley. This general agreement between the two sets of 

data shows that in a rod eye high concentrations of visual purple are 

A associated with large electrical responses. 

Results similar to Charpentier’s were obtained with the “mixed” eye 

of the frog by Wrede [1937] and Riggs [1937]. For the important early 

| period of dark adaptation Wrede’s curves showed, however, a delayed 
onset of the increase in the electrical response and thus did not agree with 
those of Charpentier. The reason for this may have been that technical 
difficulties prevented Charpentier from obtaining reliable results with a 
preparation as lively as the intact white rat until the electrical response 
had risen well above the base line irregularities. This early phase of the 
process therefore had to be reinvestigated and it was also thought 
necessary to obtain parallel observations on the concentration of visual 
purple (v.p.) under the same conditions as those used for the electro- 

physiological measurements. 

| We have now made parallel measurements with the two methods for 

: ; .studying dark adaptation, using both eyes of frogs (over 70), and 

; occasionally eyes of cats. Our results have forced us to a thorough 

revision of current ideas concerning the relation between sensitivity to 

light and the rise of v.P. concentration during dark adaptation. 
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It is perhaps the fault of the duplicity theory that this relation has 
escaped an experimental analysis for so long. The whole problem has 
vaguely been regarded as settled in the sense that the rise of sensitivity 
to light during dark adaptation is merely the sensory equivalent for a 
rise in the concentration of visual purple. In a recent summary one of us 
[Granit, 1938] pointed out certain difficulties inherent in this view. Thus, 
for instance, the electrophysiological measurements of Wrede [1937] 
and Riggs [1937] could be interpreted along “classical” lines only if 
curves for v.P. regeneration were assumed which did not agree with those 
of Tansley [1931]. 

Recently Granit, Holmberg & Zewi [1938] showed that after moderate 
light adaptation the electrical response of thoroughly dark-adapted eyes 
could be greatly reduced although there was no measurable reduction in 
the concentration of visual.purple. This was explained by assuming that 
most of the visual purple was a store of bleachable, but from the point 
of view of excitation, inactive material inside the outer limb of the rod 
cell. Excitation was held to be initiated by the bleaching of a thin 
surface film, which had to contain only an immeasurably small fraction of 
the total quantity present. From other points of view Lythgoe [1938] 
also has suggested that visual purple is active along the surface of the 
outer limb of the rod. 

The essential point, however, in the theory put forward by Granit 
et al. [1938] is the introduction of an intermediate process between v.P. 
regeneration and the retinal rise of sensitivity. If they are right, the rise 
of sensitivity should lag behind the rise in the concentration of visual 
purple during dark adaptation. Our experiments have amply confirmed 
this expectation of the theory and shed new light on the nature of the 
process that ultimately determines retinal sensitivity. 


‘TECHNIQUE AND PROCEDURE 


Technique. The technique for measuring visual purple concentration 
has been described in detail by Granit et al. [1938]. The same photoelectric 
colorimeter was used in this work. For the parallel observations on the 
retinal electrical response a cathode-ray oscillograph and a directly 
coupled amplifier of the push-pull type were employed. Its propor- 
tionality range was:checked. 


Extraction. Extraction of the retinae from the frogs (Rana esculenta) 


was carried out with 2% digitonin [Tansley, 1931] in the manner de- 
scribed by Granit et al. [1938]. 
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With the eyes of cats it was found necessary to modify the technique 


of extraction, as these retinae are difficult to remove without some 


measure of preliminary hardening. 

The opened bulbs, freed from the vitreous body, were put in 3 c.c. of a4% alum solution 
for 2 hr. The retinae are then just sufficiently hardened to be removable without loss of 
substance. No pigment could be seen in them. The retinae were then washed in Tyrode 
solution and finally placed in 2 c.c. 10% NaCl for 15 hr. After this they were ready to be 
extracted by 1 c.c. of a 2% solution of digitonin and to this end were put into a test tube. 
The retinae were crushed against the wall of the tube and shaken. After 2 hr. in digitonin 
followed centrifuging for 20 min. at a rate of 3800 rev./sec. The v.P. solution was clear and 
the residue at the bottom of the test tube colourless. 


Absorption was measured in the same manner as with solutions from 
frogs’ eyes, but on account of the extensive treatment during extraction 
one eye of the cat always had to be used as a fully dark-adapted control. 
For each animal v.P. concentration of the bleached and dark-adapted eye 
is given in per cent of the value of the control. With frogs, on which 
most of our observations have been made, we have simply averaged our 


density measurements for different animals and identical periods of — 


dark adaptation. 

In this laboratory Zewi [1939] has collected and averaged a very large 
number of measurements illustrating v.p. regeneration in frogs. For our 
experiments we have chosen certain fixed experimental conditions from 
Zewi's work and hence easily repeatable. His standard curves have been 
drawn through the points marking our own readings. One eye was used 
for v.P. measurements, the other eye of the same animal for testing the 
size of the electrical response to wave-length 0-500. (Tutton mono- 
chromator and energy control). 

Adaptation to light and darkness. A special apparatus was designed 
for light adaptation of frogs. This consists of an enamelled basin re- 
flecting in all directions about 20,000 m.c. (metre candles) from a lamp 
with a reflector above it. A thick water filter of the same diameter as the 
basin prevents this light from warming the water in which the frogs are 
kept during light adaptation. The frogs were light-adapted in this 
apparatus at room temperature for 1 hr., except when otherwise stated. 
The light-adapted frogs have varied surprisingly little with regard to the 
v.P. content of the retinae just after bleaching. The density values fall 
to about 0-040. In complete dark adaptation this value rises to about 
0-550 (for cats to about 0-300). 

Light adaptation completed, the frogs were put into a jug, which 
stood in a large dark water-bath fitted with an electric thermoregulator 
and stirred by a motor. The thermoregulator was coupled either to a 
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large electric heater or to a refrigerator, according to the temperature 
wanted. 

From this water-bath frogs were removed at suitable intervals of 
dark adaptation, immediately decapitated, and the two eyes excised and 
opened for measuring both the electrical response and the v.P. concentra- 
tion. At the same moment that the electrical response to the constant 
test light was being photographed for one eye, the other eye was dropped 
into digitonin, After 2 min. a second or third response to stronger test 
lights of the same wave-length (0-500y.) were photographed. Although 
the latter therefore followed a few minutes later than the response to the 
lowest intensity they have nevertheless been plotted to the same abscissa 

in the diagrams. Of these eyes about thirty were immediately afterwards 
- putinto formol, fixed in paraffin and stained with Weigert’s haematoxylin- 
eosin. The values for complete dark adaptation have been obtained from 
unbleached animals kept at the required temperature in the dark for 
not less than 20 hr. All results are given in per cent of the value for — 
complete dark adaptation and thus electrical and density measurements 
become directly comparable. 


RESULTS OF EXPERIMENTS WITH FROGS | 


Effect of temperature, Fig. 1 shows dark adaptation of twelve frogs at 
164° in terms of v.P. densities, as well as the size of the electrical response 
of the retina to two intensities. The initial small responses, at a constant 
level before the steep rise of the electrical potential sets in, are due to 
cones, The concentration of visual purple begins to increase immediately, 
but the retinal response rises only after a delay of about 1 hr. corre- 
sponding to a v.P. density of 50-60%. 

In order to find out whether v.P. concentration or time is the decisive 
factor in the lagging of sensitivity behind regeneration of visual purple, 
the experiment was repeated with fourteen frogs at a temperature of 
8-0°. This very considerably slows down regeneration. The result of this 
experiment is shown in Fig. 2, and here we have used three intensities 
of the test light. Six hours must now elapse before the rise of sensitivity 
starts in the retina, but again this rise corresponds to a v.P. concentration 
“of 50-60%. 

Short period of light adaptation. Zewi [1939] Stencil the curious 
fact that after 6 min. of light adaptation in our apparatus there was an 
initial period of delay also in the regeneration of visual purple. This is 
shown by his standard curve drawn between our own observations, in 
Fig. 3, for which seventeen eyes were used. In this particular experiment 
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the concentration of visual purple remains at 20% for 30 min. before it 
begins to regenerate, but the rise of sensitivity is correspondingly delayed 
and a fast phase does not set in until the v.P. concentration has reached 
50-60%. 


0 2 3 


Fig. 1. Ordinates: relative densities of visual purple (©) and relative size of electrical 
response to a low (©) and a 20 times higher intensity (@). The latter curve drawn in 
_ broken lines, Abscissae: time in the dark in hr. The curve rising immediately from the 
left. corner of the figure is Zewi’s [1939] standard curve for visual purple regeneration 
at 16-4°. Note delay in the rise of the electrical response relative to increase in v.P. | 
concentration. When there are two observations on different eyes not exactly coincident 
in time, their averages have been joined by lines showing time difference. 


Weak light adaptation. In this experiment we did not use our usual 
apparatus for light-adapting animals, but a small lamp reflecting only 
about 330 m.c. The frogs were tied to pieces of cardboard in order to 
ensure constant conditions of illumination. The strength of the adapting 
light was controlled with resistance and ammeter. Such precautions were 
deemed unnecessary with the very strong adapting light used above. 

Despite this there were greater variations from animal to animal in 
this experiment, probably because weak light adaptation necessarily 
leaves room for greater individual variations. In an attempt to com- 


-pensate for this as many as twenty-seven eyes were used for testing the 
3—2 
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retinal sensitivity at wave-length 0-500,., and three more retinae for v.P. 
concentration. In this case (Fig. 4) there is again a fast rising phase after 
a delay of between 10 and 30 min., varying greatly from eye toeye. An 
accurate comparison with v.P. concentration is therefore difficult. But 
_ it can be safely stated that the appearance of the fast rise of sensitivity 
presupposes regeneration of visual purple to at least 50-60%. 


Fig. 2. Ordinates and abscissae as in Fig. 1. Temperature 8-0° and hence time axis shortened 
relative to Fig. 1. v.P. densities (©) with Zewi’s [1939] standard curve for this tempera- 
ture drawn through the points and rising immediately from left corner of figure. Low 
(@), medium (©), and high (@) intensity used for eliciting retinal response. Note 
delay of aianty OM. before rise of sensitivity in the retina sets in. | 


The role of the pigment. 
behind v.P. regeneration and does not appear before there is some 50% 
of visual purple. Now this might be due to movement of the retinal 
pigment. During light adaptation the pigment protrudes between the 
rods. It will leave them covered for some time afterwards and thereby 
prevent light from reaching the visual cells. 

In order to investigate this supposition we used different levels of 
intensity in the experiments just described. It was anticipated that the 
shading by the pigment would be relatively more significant for the weaker 
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test lights, but the experiments have shown very clearly that the fast 
rising phase in the electrical response during dark adaptation sets in at 
the same moment for all intensities tested (see the Figs. 1-4). 

Another argument against the view that pigment shields the visual 
cells has been raised by Therman [1939]. Adrenalitie forces the pigment 
between the rods just as does light adaptation. Owing to the presence of 
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Fig. 3. Ordinates and abscissae as in Fig. 1. Temperature 16-4°. Owing to the short period 
of light adaptation (see text) v.P. densities (CO) begin to increase after a delay of about 
30 min. as shown by uppermost curve drawn through the points. The two lower curves 
show size of retinal electrical response elicited by a low intensity (©) and one 20 times 
higher (@). 


a Purkinje shift in the frog’s eye one might therefore expect the retinal 
response to short wave-lengths (rods) to become relatively smaller than 
the response to long wave-lengths (cones) for the adrenalinized eye, as 
is the case with the light-adapted eye. Actually normal and adrenalinized 
frogs were found to have the same spectral distribution of light sensitivity, 
though in the latter the pigment was fully expanded. 

In our experiments a large number of sections were made from eyes 
representing different stages of dark adaptation. We also noted whether 
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the retinae could be detached easily from the bulb and how much pigment 


electrical responses were obtained from animals from which the twin 


_ this was so the retina was also relatively free from pigment. Exceptions 
were, however, not uncommon. 
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Fig. 4. Ordinates and abscissae as in Fig. 1. Uppermost curve illustrates rise in concentra- 
tion of visual purple, the two lower curves increase in size of the electrical response. 


purple, the retinal response of the rods is almost absent and begins to rise after a 
period of delay just as in previous figures. | 


Examination of a large number of stained sections did not lead to the 


pigment. In general less pigment was found in the retinae of the animals 
which had been dark-adapted for a very long time, but even animals 
which had not been light-adapted were found to have some pigment 
between their rods. The most definite way of dividing stages of dark 
adaptation was to separate those retinae in which the inner limb was 
covered from those in which the inner limb was free from pigment. We do 
not know whether the reason for this equivocal result was faulty technique, 


could be seen in them. It was our general impression that the largest — 


retina used for density measurements had been easy to remove. When — 


Observations marked as in Fig. 3. Note that, despite the presence of over 40% visual 


expected close correlation between dark adaptation and withdrawalofthe 7 
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the brief flash of the test light, the season (autumn), or merely the fact 
that a very large mass of material, not restricted to the two end states of 
photopic and scotopic vision, was examined. 

More light can be thrown on the problem, however, by checking our 
results on the mammalian eye for which so far it has not been possible to 
demonstrate pigment movement. 


RESULTS OF EXPERIMENTS WITH CATS 


Intensity and duration of light adaptation. Cats were decerebrated in 
the usual manner and some hours were allowed for the ether to evaporate. 
The carotids were left untied and only temporarily occluded = 
decerebration. 


8 8 8 8 


— i i 
% 50 60 
Fig. 5. Ordinates: relative size of electrical response during dark adaptation of cat’s eye. 
Abscissae: minutes in the dark after light adaptation, as described in text, for 30(O), 
10 (@), and 1 min. (©). The slightly lower value for the last point on the curve obtained 
after 10 min. light adaptation may have been due to a change in the preparation. 


The cat’s eye contains relatively few cones and its pupil, which in 
daylight is a mere slit, was wide open in our decerebrate preparations. 
This probably accounts for the very small peactaical responses obtained 
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after adaptation to 20,000 m.c. This light was far too strong. Neverthe- 
less a definite and long period of delay preceded the small rise of sensitivity 
which ultimately took place. 

In Fig. 5 results are shown illustrating the increase in the electrical 
response to the test light (0-500.) after adaptation to 3900 m.c. for 
30, 10, and 1 min. All readings were made on one animal, beginning with 
adaptation for 30 min. An arbitrary value of 100 was taken for the 
electrical response after about 90 min. of dark adaptation in the box 
before the experiments on light adaptation were begun. During the 
whole experiment the animal’s head was kept in a fixed position relative 
‘to test light and adapting source. For light adaptation a small aeroplane 
lamp, run at a constant amperage, was turned into the opening of the 
tube entering the dark box. The latter ended in a ground glass disk just 
in front of the cat’s eye. On this disk both test light and adapting light 
were projected. 

It is very obvious from the curves of Fig. 5 that in the cat’s eye there 
is also a period of delay before the rise of sensitivity sets in. This period 


shortens with duration of light adaptation. After the longer times of 


light adaptation no response whatsoever or a small negative deflexion is 
obtained for the first 6-8 min. in the dark. The same observation was 
made by Charpentier [1936], though its significance as a period of delay 
was not then fully appreciated. In the frog’s eye there is a sufficient 
number of cones to ensure a positive electrical response in the completely 
light-adapted eye. 


Parallel observations on v.p. regeneration. Tansley’s [1931] experiments — 


showed that with albino rats there is no delay in v.P. regeneration 
equivalent to the phenomena described above for the electrical response 
of the cat’s eye. We felt it was important to make a few experiments on 
the cat since with this animal light adaptation led to complete abolition 
of the electrical response to the test light chosen. We wanted to know 
how much visual purple was then left. The outcome of this experiment 
is shown in Fig. 6. Light adaptation for 20 min. to 3400 m.c. preceded 
regeneration. The curve for the electrical response is an average for two 
cats, one representing a relatively long, the other one a very short period 
of initial delay. The readings for v.P. regeneration refer to nine animals. 
One eye was used as dark-adapted control. There is one exceptionally low 
value, but as no noticeable technical error was committed the result may 
have been due to a diseased eye. 

The curves conform to the type found with frogs. The initial absence 
of rod reactions runs parallel with a v.P. concentration as high as about 
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40%, and the rise of sensitivity sets in when the concentration of visual 
purple has risen to about 50%, (cf. Fig. 4). This is further confirmation of 
our conclusion that the phenomena discovered with the frog’s eye are 
general and independent of the retino-motor processes. 


0 4 | 
0 10 20 30 40 50 60 
Fig. 6. Ordinates: relative densities of visual purple (@) and relative size of the electrica 
response (©) during dark adaptation. The observations illustrating v.P. densities 
- Tepresent single eyes (nine cate) with fully dark-adapted control eye, as explained in : 
text. Abscissae: minutes in the dark. Note absence of retinal electri despite 
presence of about 40% of visual purple just after light adaptation (zero abscissa). 


Discussion 


The intermediate process determining sensitivity. Let us return to the 
hypothesis put forward by Granit et al. [1938]. According to their view 
(i) most visual purple is a store, inactive physiologically in the sense that 


neither its presence nor its breakdown directly determines the retinal 


sensitivity to the light absorbed by it. This assumption is amply con-— 
firmed by the experiments just reviewed. Granit ef al. also found it 
necessary to postulate (ii) an intermediate process bringing about sensiti- 
zation to light. As a working hypothesis they suggested a process of 
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diffusion leading to the formation of a surface film of visual purple along 
the outer limb of thie rod cell. 


The results of our work strengthens the evidence for an intermediate 


process between v.P. regeneration and the sensitization of the rod cell. 


Most striking is perhaps the demonstration that with the cat’s eye a 
degree of light adaptation which leaves 40% visual purple nevertheless 
abolishes the electrical response. The intermediate process is also assumed 
to cause the lag observed in the rise of sensitivity relative to v.P. con- 
centration. This period of delay has some interesting properties which 
serve to characterize the intermediate process: 
(i) It has a high temperature coefficient and (ii) a long duration. In 
order to simplify matters we will assume that these two properties merely 
depend on 

(iii) The seemingly crucial factor, namely, that the intermediate 
process is not initiated until the v.P. concentration reaches 50%. The 
high temperature coefficient would then follow automatically from the 
temperature: coefficient for v.P. regeneration whilst the long duration 
would be dependent on the time required for the latter process to reach 

the necessary 50%. 

| (iv) The range of possible modifications in retinal sensitivity is 
confined to the upper part of the curve for v.P. concentration. In view 


of this it is interesting to recall once more that the fully sensitized eye, 
containing its full amount of visual purple, is capable of giving its full 


performance without detectable loss of material. 

Without being dogmatic it will nevertheless be profitable to speculate 
on the possible ways of explaining the intermediate process. 

(1) The delay is caused by the necessity for a removal of photo- 
products of v.P. breakdown caused by light adaptation. This view does 
not at present seem probable. The main objections to it are: the absence 
of an effect of intensity of the test light on the initial delay, as well as the 
fact that the sensitivity of the eye may be greatly reduced without a 
measurable reduction in its content of visual purple [Granit et al. 1938). 

(2a) A simple diffusion of v.P. molecules to the surface may cause the 
lag attributed to the intermediate process, but it is difficult to understand 
why with a simple diffusion the electrical response should require a 
minimal concentration of about 50% of visual purple. 

(26) It really seems most probable at the present moment that the 
visual purple enters into some molecular combination, or that it has to be 
distributed in an orderly manner along a membrane or, to put it very 
generally, that it must cease to be a bleachable absorbing substance 
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which is physiologically inert. The high concentration necessary for 
sensitivity suggests the participation of the v.p. molecule in the building 
up of the excitable locus in the cell. | 

Dark adaptation of the human eye. We may safely infer from our 
experiments that the current interpretation of sensory dark adaptation 
as the perceptual counterpart to the regeneration of visual purple is 
fundamentally erroneous. By measuring the threshold to light we are 
measuring sensitivity and not v.P. concentration. This probably means 
that we are tapping off points along the rising level of the intermediate 
process, and that therefore the properties of visual purple regeneration — 
are very indirectly reflected in the time course of sensory dark adaptation. 

Dark adaptation has always been an easy test case to those interested 
in interpreting sensory data in terms of photochemical concepts. Best 
known is perhaps Hecht’s [1920] demonstration that the human data for 
the rods can be fitted to the curve for a bimolecular reaction, the explana- 
tion being that this is the underlying mechanism of v.P. regeneration. 
Our results which necessitate the introduction of an intermediate 
process do not support it, nor do Zewi’s [1939] many observations on v.P. 
regeneration fit the equation for the bimolecular reaction. 

The intermediate process is capable of explaining in the human eye 
the period of delay before the rise of sensitivity in the rods, which was 
first clearly seen by Kohlrausch [1922, 1931]. Variations in the recovery _ 
curves during dark adaptation resulting from the use of various intensi- 
ties and times for light adapting the observers, may also be due to the 
intermediate process, and not to regeneration from visual yellow as 
against regeneration from visual white [Wald & Clark, 1937]. The 
intermediate process may even be sensitive to lack of vitamin A, Without 
fixing our standpoint with regard to such problems we feel it worth 
mentioning them in order to stimulate criticism of the all-too-readily- 
accepted dogma that every phenomenon of dark adaptation is some 
simple function of visual purple regeneration. 


SuMMARY 
Two methods have been used in parallel: (i) measurements of the size 


of the electrical retinal response with a cathode-ray oscillograph and a 


directly coupled amplifier, (ii) measurements of the total quantity of 
visual purple of single eyes (digitonin extracts) with a photocell and a 
Christiansen filter adjusted for wave-length 0-498 u. The preparation was 
the dark-adapted excised eye of the Hungarian frog and the decerebrate 
cat. 
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The aim of the work was to find out how the rise in sensitivity during 
dark adaptation, as measured by the increase of the electrical response, 
is related to the rise in the concentration of visual purple. Experimental 
‘variables have been: intensity and duration of previous light adaptation 
and temperature of the frogs. Curves are given showing the two functions 
analysed for these conditions. 

The general result was that the rise in sensitivity lags behind the 
increase in the concentration of visual purple. For all the experimental 
modifications used the fast rise of sensitivity was found to set in when the 
concentration of visual purple had reached 50-60% of the maximum 
value of the completely dark-adapted eye. 

With the cat’s eye it was found that, when the concentration of visual 
purple had been reduced by light adaptation to about 40%, this led to 
complete abolition of the electrical response. Sensitivity therefore is near 
zero with as much as 40% of visual purple left. 

These facts support the conclusion that the rise in sensitivity, as 
measured electrically during dark adaptation, is not a simple function of 
the curve depicting visual purple regeneration in terms of density values 
(which are proportional to the concentration of this substance). 

The return of sensitivity during dark adaptation is due to some other 
secondary or intermediate process, which in order to start requires a 
minimal concentration of 50% of the maximal value for visual purple. 
In the discussion it is tentatively suggested that the intermediate process 
consists in the building up of the excitable locus 1 in the rod cell with the 
aid of visual purple molecules. 


The experiments have been carried out with the aid of a grant for apparatus from the 
Rockefeller Foundation (to R. G.) and a personal grant (to R. G.) from the foundation 
“Georg och Ella Ehrnrooths Stiftelse”’. 
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THE RELATION BETWEEN FORCE AND SPEED 
IN MUSCULAR CONTRACTION 


By BERNHARD KATZ 
_ Bett Memorial Research Fellow 
From the Department of Physiology, University College, London 
(Received 22. February 1939) | 


_ Tw a recent paper Hill [19386] has shown that the rate at which energy 


is liberated by a tetanized muscle increases linearly as the external force is 
reduced below the isometric tension. If a muscle shortens against a force 
P, which is smaller than the isometric tension Py, work is done by the 
muscle, and in addition heat is liberated, in excess of the isometric, at a 
rate proportional to the speed of shortening v. The rate of total energy 
production exceeds the isometric heat rate by an amount proportional to 


the reduction of external tension P,—P. These findings were expressed 


by the equati 


where a [g.] and b[cm./sec.] are constants (a g.cm. being the “extra heat” 
for lem. shortening, b g.cm./sec. the increase of the rate of energy 
production for 1 g. tension loss). 

This formula relates two variables, the speed of shortening v and the 
external force P, which can be determined without any heat measure- 
ments. According to this formula, which can also be written as | 


(v+b) (P+a)=(P,+a) b=const., 


the relation between force and speed is a rectangular hyperbola, with 
asymptotes at P= —a, and v= —b. As has been verified by Hill [19386], 
the value of a derived from a mechanical P-v relation is equal to the 
extra heat per cm. shortening (frog’s sartorius, 0° C.). It was of particular 
interest to find whether this relation remains valid if the applied force 
becomes greater than the isometric tension. Obviously, for P>Pp, v 
becomes negative: the muscle lengthens as was found already by Fick 
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[1882]. Quantitative information on this point, however, was not yet 
available, and the heat measurements failed to give any conclusive 
result. 

Hill has further shown that, by introduction of some simple additional 
assumptions, the P-v relation can be used to calculate the development of 
isometric tension during a tetanus. There is good reason to believe [see 
Hill, 19384, b] that during an isometric contraction, although the total — 
length of the muscle remains practically unchanged, the active contractile — 
elements shorten against elastic, passively extending tissue parts. If the 
latter have little or no damping and follow Hooke’s law, the rate of 
development of isometric tension would be proportional, at any moment, 
to the speed of internal shortening of the active part and could be 
calculated. 

In continuation of Hill’s recent work the mechanical relations have 
been studied in some detail. The experiments on the P-v relation and on 
the development of isometric tension can be dealt with rather shortly, 
since they are essentially a confirmation, or extension, of previous findings 
[Hill, 19384, 6]. Special attention, however, will be paid to the mechanica] 
effect of forces greater than isometric since this differs from the theoretical 


The experiments were made mostly on sartorius muscles of English 
Rana temporaria, also of Hungarian R. esculenta, and on the retractor 
penis of the tortoise [see P. Hoffmann, 1913], at 0-20° C. The muscles 
were stimulated usually in oxygenated Ringer’s solution. The arrange- 
ments for stimulation and for mechanical recording were the same as 
described by Hill [19386]. In the later experiments, a lever system of 
slightly different properties was used: 

Equivalent mass with zero load, 3-1 g. 
Ratio of lever arms, initial load: 10: 1, after-load: 11-5: 1. 
Isometric: Sensitivity, 1 mm. deflexion for 3 g. 
Period, 40 msec. 
Extensibility of lever + chain, 1-2 mm./100 g. 
To study the form of the isometric record, at 0° C., a lever of shorter period (22 msec.) 
was used, 
With forces greater than isometric, the load was held up by a magnet, 
until the muscle had developed its isometric tension after an initial 
shortening of several mm. The muscle was never stretched beyond its 
resting length. If required, the development of tension at the short 
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, length was recorded by an isometric lever which became disengaged — 
, : when the muscle lengthened under the applied force. A Lucas’ rotating 
5 contact breaker was used to time the release of the magnet. By employing, 
ae in addition, an adjustable contact breaker rotating on the same shaft as 
the stimulating commutator (Pye), a more accurate timing, at a given 
) _ interval between a pair of shocks, could be obtained. In some experi- 
Ge ments the magnet was replaced by the Levin-Wyman apparatus which 
! permitted a more gradual increase of the applied force. The load was 
, 4 - connected with the apparatus by a slightly elastic chain which was 
released gradually, depending (i) upon the setting of the needle-valve, 
; _ (ti) upon the speed of lengthening of the muscle under the increasing 
, tension. A rapid initial “yielding” of the muscle (p. 57), therefore, 
automatically delayed the further rise of tension. The arrangement was 
| needed only for a qualitative comparison of instantaneous and gradual 
| loading. 
RESULTS 
(1) The relation between force and speed of isotonic shortening 

The muscle was extended by a small initial load and allowed to shorten 
- several millimetres against various after-loads. Usually, with not too 
large loads, shortening over most of the distance occurred at practically 
' uniform speed,which was measured from the slope of a kymograph record. 
| _ The fact that the speed of shortening was nearly constant over a 
distance of several millimetres seems a little surprising, since one would 
expect it to vary with the isometric tension. Actually, the changes of 
length remained within a range near the flat maximum of the P,-length 
| —Telation. With large after-loads, distinct changes of the speed were 
, observed, depending upon the variation of P, with actual length of 
muscle. Qualitatively, this agrees with equation (1), according to which v 
is proportional to (P,—P), i.e. a change of P, becomes more important 
the larger the load. . 
In some experiments all observations were repeated in symmetrical 
order, in other cases the isometric tension was determined at beginning 
7 and end of a single series. In a few cases, the speed of shortening was 
| compared (i) at the beginning of stimulation, (ii) after the full isometric 
: tension had developed (quick release). While little or no difference was 
_ found in the frog’s sartorius [cf. Fenn & Marsh, 1935; Hill, 19386], an 

appreciable difference was observed in tortoise muscle (see Table I). 
The predicted relation can be tested, and the constants a and 6 
a determined in various ways, e.g. by simultaneous equations with different 
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Tazz I. Tortoise muscle, 17°C. Speed of isotonic, after-loaded shortening, 
with “initial” and “delayed” (6 sec.) release 


Speed, cm./sec. 
Force 
g- Tnitial’’ Delayed” 
16 3-44 4-55 
2-53 2-9 
0-88 0-85 
71-0 0-3 0-27 
116 
(a) 
t 


0 
Vv 


0 30 


Fig. 1. Relation between force and speed of shortening. (a) Sartorius of English R. temp., 
0° C. Single series. Curve calculated for a=20g. (a/P,=0-2), b=1-08 cm./sec. 
(0-31 length/sec.), P,=99-6 g. Divergences between observed and calculated speeds 
<3%. (6) Retractor penis of tortoise, 19-8°C. Single series. Curve calculated for 
b=1-20 mm./sec. (0-037 length/sec.), P,=121 g. Divergences 


<5%. 
Tas_e II. Summary of constants a and 


(1) Frog’s sartorius (English R. temp.). 
0° C.: mean of twelve experiments, a/P, =0-26 (0-18-0-33): 


b=0-34 length/sec. (0-24-0-42 length/sec.). 


10-9° C.: mean of three experiments, a/P, =0-38 (0-32-0-43): 


| b=1-12 length/sec. (1-1-1-15 length/sec.). 
(2) Tortoise (retractor penis). 


b: mean of six experiments in July/August: 


b=0-032 length/sec. at 16-2° C. (varying between 0-018 at 9-7° C. and 0-057 at 19-5° C.); 
mean of two experiments in December, on faster muscles: 


b=0-07 at 14° C., 0-09 length/sec. at 17° C. 


a/P,: mean of eight experiments: 


a/P,=0-11 (0-07-0-16). 
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values of P and v, by plotting P against (P,—P)/v (Shapiro, personal 
communication), or graphically as illustrated in Fig. 2. The results of two 
typical experiments (frog, 0° C.; tortoise, 20°C.) are shown in Fig. 1. 
A summary of the values of a and b is given in Table II. In most cases 
the observed data fitted the hyperbola well and, what is more important, 
gave a value of a similar to that derived from the heat measurements 


[Hill, 19386]. While } greatly changes with temperature [Hill], and with 


(2) 
| 
= > 


Fig. 2. Graphical determination of a and b. v is plotted against P as in Fig. 1. The lines 
connecting the projections of the plotted points on (i) the horizontal axis and (ii) a 
vertical line through P=P,, meet at the centre of the hyperbola. (1) Sartorius of 
English R. temp., 0° C. It can be seen from the figure that v (P +a) =b (P, —P), ie. 
equation (1) is obeyed. (2) Sartorius of Hungarian R. esc., 11-7° C. The curvature is 
slight, and the lines have been extrapolated only for illustration (see p. 50). 


the particular kind of muscle used, the value of a/P, varies to a less 


extent. At the same temperature, the relative value of b (per length of 
muscle) is about 14-40 times greater, a/P, 2:5 times greater in frog’s 
than in tortoise muscle. . 

It will be necessary to compare the data, for tortoise muscle, with 
direct measurements of the heat of shortening. The fact that the speed 
of shortening, with small after-loads, is greater if the shortening occurs 
some time after the beginning of stimulation (Table I) indicates that the 
full active state is not developed immediately; in this case, the observed 
initial velocities, with small loads, would be too low, and the derived 
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~ value of @ too large. The speeds observed after a late release may be 
affected by other complications, as will be seen below (possibly partial — 
“give” during isometric contraction, pp. 62, 63). Even if these errors are 
not serious, one must admit that, without direct confirmation by heat 
measurements, the constants derived from the mechanical data alone 
may have little meaning. 

Furthermore, as is almost obvious from the equation (1) itself, it is sometimes impossible 
to derive the constants from the observed curve with any reasonable degree of accuracy. 
This is due to the fact that the observed curve forms only a section of the theoretical 
hyperbola (Fig. 2). The greater the values of a and 6 (which are the distances between the 
P and v axes and the asymptotes of the hyperbola), the smaller the observed section of the 
theoretical curve, hence the smaller the degree of exactitude with which this curve can 
be fitted to the results. In frog’s muscle (especially in Hungarian R. esc.) at medium and 
high temperature, the curvature of the observed P-v relation was sometimes :so slight 
(cf. Fig. 2) that an exact evaluation of the constants, from the mechanical results alone, 
became impracticable. 


(2) The development of isometric tension [cf. Hill, 19385) 

A muscle consists not entirely of active contractile substance, but 
contains, in addition, inert tissue, cell membranes, connective fibres, 
tendon and other parts which do not contract but can be stretched 
passively. The elastic force of a stretched resting muscle is due partly, if 
not entirely, to these inert structures in parallel, and in series, with the 
contractile matter. In an isometric contraction, the active part actually 
shortens to some extent and stretches the inert structures in series with it. 
The speed of shortening becomes smaller the greater the elastic force of 
the stretched portions, in accordance with equation (1); the internal 
shortening stops when the elastic force becomes equal to P,. If one 
assumes (i) that the active state is set up immediately at stimulation, 
(ii), that P, does not vary with the changes of length considered, (iii) that 
the force is proportional to the amount of lengthening of the passive 
elastic part (Hooke’s law), and that this is free from any appreciable 
damping, then one can calculate the isometric tension curve as 


23x(1 +4/Po) x —P/P,=txb/C, __......(2) 


where ¢ is the time interval reckoned from the start of tension rise, and C 
the total amount of elastic lengthening. 

The general form of the calculated curve (Fig. 3) obviously resembles 
that of a typical isometric record, except for the slightly S-shaped start 
of the latter. The time-scale of the tension curve depends mainly upon 
the value of C/o, the value of (1+a/P,) being approximately constant 
(1:2—1:3).. 
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The values of a, b and P, being known, there are three ways of finding 
C: (i) directly, by determining the amount of quick release required to 


~~ Jet the isometric tension drop to zero [Gasser & Hill, 1924; Hill, 19384]; 


(ii) indirectly, by fitting calculated curves to the observed isometric 


(2) 


sec. 


Fig. 3. Development of isometric tension. (a) Two isometric tension records, with different 
extensibilities of the lever system. An added elastic stretch of 1-58 mm. causes an 
average slowing of tension development (measured between 20 and 60 g. tension) of 
54%. From this, C =2-95 mm. is calculated, of which 1 mm. is due to lever + chain, 
1-95 mm. to the muscle. (6) Same preparation. Comparison of calculated and observed 
tension curves. The calculated relation is drawn in broken line up to a point where 
both curves become identical. The two records were taken from two successive series, — 
in which the values of a and b had been determined separately. The tension develop- 
ment became 10% slower in case (ii), corresponding with a 10% diminution of 6. 


record; (iii) by altering C and measuring the resulting change in the rate 
of tension development. It is satisfactory that in the frog’s sartorius, 
the three methods lead to consistent values of C. 

_ Method (iii) was adopted in several experiments (examples in Fig. 3 
and Table III). If the extensibility of the lever is increased by a known 


amount, it follows from equation (2) that the ratio of the times ¢/t, 
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required for the development of P g. tension is equal to O/(C+(,), C, 
being the known additional amount of elastic stretch. The method is 
very simple, since it merely requires attaching the muscle at two different 
distances from the torsion spring of. the isometric lever. It depends, 

however, being an indirect method, upon the accuracy of the assumptions 
involved in equation (2). 


Since P, changes slightly, if C increases, only a portion of the two tension curves can be 
used (Fig. 3, Table III). One obtains then an average value of C from a relatively low range 
of tensions. Since the extensibility of the elastic part probably decreases with increasing 
tension (p. 54), this method may lead to slightly too large a value of C, hence to a theoretical 
curve which, in its later part, is relatively too slow. Furthermore, if the initial development 
of the active state introduces a small constant delay adding on to the times of tension 


development, this would again give slightly too large a value of C. 


Tastz III. Development of isometric tension. Frog’s sartorius, 0° C. 
| Complete series and reverse 
A. P-v relation: a=26-7 g., 6=1-26 cm./sec. (0-42 length/sec.), a/P, =0-28. 
P (g.) 26 1565 374 59 P, observed 94 g., calculated 96 g. 
Vops, (om./sec.) 403 2-31 117 0-665 
Veale, (cm./sec.) 4-0 2-39 1-15 0-54 
| B. Isometric tension curves, made before (I) and after (II) P-v relation. Levers of 
different elasticity. Ratio of t,/t, measured between P =20 and 50 g., at intervals of 5 g. 
t,/t,: I, 1-51, 1-56, 1-57, 1-59, 1-59, 1-62, 1-59; mean 1-58. 
II, 1-59, 1-52, 1-47, 1-48, 1-53, 1-52, 1-51; mean 1-52. Mean of t,/t,, 1:55. 
Extensibility of levers: 0-55 and 2-45 mm./100 g. respectively, +0-5 mm./100 g. due to 


k+2-95 
k+1-06 


C. Mean of five isometric tension curves, taking origin at 15% Py. P,=93-5 g. Lever + 
chain stretching 1-05 mm./100 g. C (muscle + chain + lever) =3-2 mm. 
02 O38 O4 O8F8 086 O7F7 O8 09 0-95 
teaic. (800.) 0-029 0-042 0-067 0-101 0-148 0-217 0-324 0-525 0-73 
tobs. (sec.) 0-03 0045 0:07 O1 O14 O21 032 055 0-77 


From this: = 1-55. k (muscle) =2-4 mm./100 g. tension. 


Actually, on the frog’s sartorius, the results agree satisfactorily with 
theory. The value of C obtained by this method gives an approximate fit 
to the observed tension curve; the very good agreement in the case of 
Table III was rather unusual, but in five experiments the value of C 
determined in this way did not differ more than 15% from the one which 
would give the best fit. 

_ At 0° C. the elastic stretch of the muscle (i.e. after deducting the 
known extension of chain and lever) was on the average 22 mm., varying 
in eleven experiments between 1-3 and 2:8 mm., on a muscle of average 
length 32 mm. The value of 0 tends to increase as a consequence of 
deterioration or injury (see p. 61 below); this is easy to understand, if 
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parts of the muscle fibres weaken or become inexcitable and then act 
like an added piece of passive elastic tissue. 

It must be emphasized that the additional assumptions involved in — 
the theoretical tension curve are in some respects over-simplified, and, 
therefore, while being adequate in the case of the frog’s sartorius, may 
not be expected to apply generally. Clearly the active state does not 
develop at once; some time is required for the spread of the excitation 
wave and probably also for the transformation of the contractile sub- 
stance. Furthermore, it is unlikely that the elastic tissue parts should 
follow Hooke’s law exactly; more probably their extensibility decreases 
with increasing force, as does that of the resting muscle. For both 
reasons the rise of tension would be slowed down initially (as is indicated, 
for instance, in Fig. 3). : 

The importance of these disturbing factors apparently depends upon 
the kind of muscle; while, in the frog’s sartorius, they can be neglected for 
a first approximation, in the retractor penis ofthe tortoise, for these and 
other reasons (pp. 62, 63), no satisfactory agreement was found between 
calculated and observed tension curves. The isometric tension of this 


muscle develops at 4 to 4 of the speed calculated, the elastic stretch being 


determined by a quick release (method (i)). A delayed development of 


the active state (cf. p. 49 above) and the non-linear tension-length 


relation of the elastic part, as found in this muscle by quick releases of 
various extents, are partly responsible for this discrepancy. They cannot 
explain, however, the protracted approach of the tension curve to its 
maximum level. This may be due, as will be discussed later, to a “giving” 
in this muscle of weak parts of the fibres, and consequently to a prolonged 
shortening of stronger parts in series with them, while the maximum 
tension is being approached. 


(3) The relation between force and speed of lengthening in 
active muscle 

It would be of great interest to decide whether the linear relation 
between force and rate of total energy production applies also to forces 
which exceed the isometric tension. While it is certain that the total 
energy output of a lengthening muscle (i.e. heat minus work), within 
certain limits of P/P,, is less than during isometric contraction [Wyman, 
1926; Hill, 19385], a quantitative study has not yet been possible. As 
Hill pointed out, it is very difficult to demonstrate a negative “extra 
heat of lengthening”, as required by equation (1), (a) because the changes 
to be expected are very small and are superimposed on a large, variable 
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“basic” heat rate, (b) because with forces considerably greater than the 
isometric the uniform lengthening (see below) is preceded by a partial — 
“giving” or apparent “relaxing” of the muscle fibres (accompanied by a 
large outburst of heat) which may leave the muscle, during the subsequent 
period of “reversible” lengthening, in a state of diminished activity. 

It is possible, however, in a frog’s sartorius, to continue the mechanical 
experiment to loads greater than P,, and so to obtain a quantitative test 
of the theory. The muscle was allowed to shorten several mm. and then, 
after the isometric tension had developed nearly completely, was loaded 
either “‘ingtantly” (release of a magnet), or gradually (Levin- Wyman 
apparatus, see p. 47). 


6+ (2) 
5 
4h. 
3 


Fig. 4. Records of isotonic lengthening. Several records replotted in rectilinear co-ordinates 
and superimposed. (1) Frog's sartorius, 0° C. After initial shortening of about 4-5 mm., 
the contraction was isometric until the after-load was applied. Values of P/P, marked 
on the records. (2) Retractor penis of tortoise, 17° C. 

Three components of lengthening. If the force is suddenly applied, the _ 

mechanical record shows three distinct components (Fig. 4): 

_ (i) An immediate downstroke due to the reversible lengthening of 
the elastic parts of muscle and lever system. This corresponds to the 

“instantaneous” shortening in a quick release. It is more or less pro- 

portional to the increase of tension (P—P,), usually about 1 mm. for a 

doubling of P, (0-6 to 1-1 mm. in eight experiments, mean 0-85 mm., on 

a muscle of average length 34 mm.), after deducting the extension of the 

chain. The elastic stretch of a stimulated fresh muscle, for a given increase 

of tension, is distinctly less in this high range of tensions than was found 
previously in a range between zero and isometric. 

_ (ii) This is followed by a variable amount of initial “give” (Fig. 4), 
the speed and extent of which become larger the greater the applied 
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force. If P is only slightly greater than P,, this component is very small 
and may be imperceptible, especially when the force is applied gradually. 
It increases with (P—P,) at accelerating rate and eventually, with P/P, 
greater than about 1:8, gives the appearance of a complete mechanical 
relaxation. 

(iii) If the load is not too great, the initial extensions (i) and (ii) are 
followed by a period of slow, uniform lengthening, which lasts until the 
end of the stimulus and is apparently the converse phenomenon of the 
uniform shortening against forces smaller than isometric. 


The difference between initial yielding (ii), and slow steady lengthening (iii), is obvious 
in the cases of relatively large forces (P/P, > 1-5); with smaller loads, however, the transition 
is so gradual that the mechanical records alone would not permit a clear distinction between 
the two phenomena. Simultaneous heat measurements, however [Hill, 19386], have shown 
that during the initial, more rapid lengthening, the rate of heat production is always greater, | 
during the prolonged slow lengthening, if anything, less than during isometric contraction. 
Hill distinguished, therefore, between an initial “irreversible”? lengthening in which, 
analogous to a “giving’’ wire or to a relaxing muscle, the work done by the falling load is 
dissipated irreversibly as heat, and (ii) a later “reversible” lengthening during which energy 
is apparently stored in the muscle, or rather its rate of energy liberation reduced, as pre- 
dicted by theory. The term “irreversible lengthening’’ should not be interpreted as implying 
permanent injury of the muscle; it often does so, but this depends upon other factors 
(pp. 60 eto. below). 

It may be pointed out that the ordinary isotonic relaxation curve (the same applies, 
though less markedly, to the isometric curve) could also be interpreted as a sequence—in 
the reverse order—of a period of slow “reversible’’ lengthening, followed rather suddenly 
by a breakdown of the contracted state. The sudden change may merely be due to the fact 
that the muscle relaxes quickly only when its internal force (P,), during its gradual decay, 
has become less than about 60% of the external tension. 


Speed of “reversible” lengthening. The speed of the slow, uniform 
component was measured and compared with the calculated velocity. 
The result is clear-cut: there is a consistent divergence between the 
observed and calculated speed of isotonic lengthening (Fig. 5); the actual 
velocities being several times smaller than the theoretical. This discrep- 
ancy is most obvious at high temperature where the P-v curve shows 


‘a distinct discontinuity at P,. The phenomenon remained unaffected by 


such alterations as withdrawal of 0, or a large increase of the calcium 
content of the Ringer solution. 

Effect of temperature on the speed of lengthening. For a given value 
of P/P,, the speed of “reversible” lengthening increases with rise of 
temperature. The effect could not. be measured very exactly, because the 
repeated stretches especially with large loads tended to produce perma- 
nent changes. The observations were made at two temperatures (0 and 
about 15° C.) on the same preparation; to check progressive alterations, 
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the results obtained at one temperature were compared with the mean | 
results of two series (made before and after) at the other temperature. 
For a rise of 10° C., the speed of lengthening, at P/P,=1-3, increased in 
six experiments 1-45-1-63 times, on the average 1-56 times. It changes 
less than the speed of shortening, which has a temperature coefficient 
of 2 or more, for a difference of 10° C. [Hill, 19385}. 


| 
PIP, 
20 


Fig. (2) Relation Sorte of and The broken 


lines give the theoretical P-v relation for lengthening, using the constants a and } 
derived from the speeds of shortening. A. English R. temp. (i) 11-8° C.; (ii) 0° C.: 
B. Hungarian R. esc., as in Fig. 2 (2). Note the discontinuity at P,. (2) Inset. 
Relation between force and size of initial rapid lengthening in the cases of (1) A. Ordi- 
nates: initial lengthening in mm. Full circles: elastic lengthening (including chain); 
hollow circles: total initial lengthening (elastic + “‘give’’). 


The divergence between observed and predicted speeds of lengthening 


cannot be explained at present; mechanical analogies, of course, would be 


easy to think of (a valve offering a greater resistance to motion in one 
direction than in the other would give this sort of effect). 


If one considers the equation v (P+a)=b (P -P,), the reduced speed of lengthening 
might formally be due to three causes: (i) an enormous increase of a during lengthening, i.e. a 
“‘one-way”’ resistance. This is unlikely, since then the slow lengthening should be accom- 
panied by increased heat production, which is not found: (ii) to an increase of P, during 
lengthening (a kind of “stretch response”’): (iii) to a reduction of b, i.e. of the change of 
energy output per g. of tension change. Little, however, is gained by such purely formal 
considerations. 
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“Irreversible” stretching (“‘giving”’) of active muscle. The fact that, with 
intermediate loads, the muscle “gives” only a little, requires further 
comment. In order to explain it, we have to assume that, as the load 
increases, greater and greater portions of the muscle fibres’ “yield”, 


depending upon a statistical variation of contractile power in their 


individual linkages. There are several reasons why the muscle may stop 
relaxing after a short time: 

(i) The force developed by the sontaeitile linkages may become 
greater as they lengthen. This is obviously the case if the load is applied 
at a very short length at which P, is small (as in Fig. 6). 

(ii) Partial giving, especially at a relatively great length (as in 


Fig. 4), may involve a stretching of portions of the muscle to more than 


their resting length. Consequently, the inert elastic structures in parallel 
with the contractile substance (cell membranes, connective tissue) would 
gradually take up the force and prevent further extension. 

(iii) It will be shown below (pp. 58, 59) that the contractile units 


. which yield under a suddenly increased force, readjust themselves and 


may “adapt” after a short interval to the new level of tension. 

Effect of temperature. With a given load P/P,, the “irreversible” 
lengthening becomes greater at higher temperature. With P/P,=1-4, for 
example, the size of the initial “‘give’’ was 1:33 mm. at 14° C. (varying 
in five experiments between 1-0 and 1:8 mm.), while only 0-42 mm. 
(0-33-10 mm.) at 0° C. Complete relaxation, i.e. a rapid extension down 
to the resting length, occurred with P/P,=1-7-1:95 at 0° C., with 
somewhat smaller loads (about 1-6-1-8 P,) at the higher temperature. 

By loading the muscle gradually, and consequently slowing down the 
initial “give” (p. 47), the size of the “irreversible” lengthening for a 
given tension was somewhat reduced. “Complete relaxatior(’’ occurred 
then only at about 2-0-2-1 times the isometric tension. 

The difference between instantaneous and gradual loading might be 
due partly to the inertia of the falling load which acts upon the muscle 
at the end of the rapid elastic lengthening in the case of an instanta- 
neous release. To test the possible effect of such a momentary impulse, as 


distinguished from a permanently increased force, a load was applied, 


approximately equal to P,, and was given a high kinetic energy by letting 
it fall over a distance of a few mm. before pulling on the muscle. Apart 


from a transient vibration, this had little effect even if the force under 


which the muscle would “give” was momentarily exceeded. If, however, 
the applied load was large enough to cause partial giving, the speed and 
size of this “give” became greater when initiated with a momentary 
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“jerk”. Apparently, those parts of the muscle which are just at the 
verge of yielding, are induced to relax by an added brief impulse. 

It can be shown that, quite apart from the effects of inertia, a suddenly 
increased tension exerts an immediate transient effect which declines 
within several hundredths of a second (0° C.) to a steady level. Fig. 6 
shows records of an experiment in which a given force (47 g.) was applied 
to a muscle which had shortened 18-5 mm. and developed 15 g. tension at 
the new length. The speed of the initial lengthening was limited, in 


wr 


Fig. 6. Transient effect of a sudden rise of tension. English R. temp. at 0° C., loaded with 
47 g., after shortening 18-5 mm. and developing 15g. tension. In records 1-3, the 
speed of initial “‘giving’’ was controlled by the Levin-Wyman apparatus, in record 4, 
free lengthening occurred. 


records 1-3, by means of the Levin-Wyman apparatus (p. 47). While the 
force was the same in all cases, at the end of the initial “give”, the effect 
depended entirely upon the initial speed of lengthening. If the muscle is 
allowed sufficient time, its internal force P, increases steadily as it 
lengthens, until a length is reached at which the load can be held, or 
lowered slowly at a “reversible” speed (record 1). With greater initial 
velocities the muscle relaxes well beyond a length at which, in a steady 
state, it can hold or lift the applied load. After a momentary failure, the 
muscle reshortens and lifts the load back, as in ordinary isotonic con- 
traction. That this effect (record 4) is in no way due to the inertia of the 


wad 
mS 
a 
4 
(1) 
(2) 
4 
= 
§ 
5 
2 
4 
4 
W 
“a 
; 
4 
4 
p 
x 
4 
» 
4 
3 


FORCE AND SPEED IN MUSCULAR CONTRACTION 59 


recording system was ascertained by repeating the experiment with a 
stretched spring, instead of the ordinary weights attached to the lever. 

There are two alternative possibilities of interpreting this phenomenon: 
If the “ give” is due to a sudden abolition of the active state [Hill, 19385], 
one might expect it to continue until the active state is built up again by 
the next electric shock. This would explain the delayed reshortening and 
the large effect with high initial speeds. This possibility, however, can be 
dismissed because the lengthening does not become greater if the interval 
between the moment of stretching and the next shock is increased (ad- 
justable 2-ring commutator, p. 47), and because reshortening is observed 
even if the stretch occurs at the end of the stimulus (e.g. 0-09 sec., after 
the last shock, at 0° C.). 

It appears, therefore, that the contractile mechanism requires some 
little time (at 0° C., judging from the delay of reshortening, several 
hundredths of a second) to readjust its energy exchanges to the higher 
level of tension. Although the muscle may be able, at a certain length, 
to lift, e.g., 50 g., a sudden increase of tension from 2 to 40 g. causes it to 
relax temporarily beyond that length, until the contractile mechanism 
has been readjusted. A related phenomenon, though somewhat more 
complicated (see below), is Gasser & Hill’s [1924] observation on the 
delayed rise of isometric tension following a quick stretch. 

Another phenomenon which, on the face of it, seemed to contrast 
with previous information on the “active state” is easily understood on 
this basis, A muscle is allowed to shorten a certain distance under a small 
load then becoming isometric (Fig. 7); then before an appreciable develop- 

ment of tension has taken place, the force is increased suddenly to the 
full isometric tension. The result is that the muscle gives quickly and soon — 
begins to reshorten to the original length. This seems at first surprising: 
it is generally agreed [Gasser & Hill, 1924; Fenn & Marsh, 1935; Brown, 
1936; Hill, 19386] that the full active state in muscle is set up soon after 
the beginning of stimulation, certainly within the 0-65 sec. which pre- 
ceded the stretch in the case of Fig. 7 (1) (0° C.). One might have expected 
that the application of the full isometric force, at this moment, would 
cause no change of length except an immediate stretch of the elastic 
parts. Actually the muscle yields and reshortens, apparently being unable 
for a moment to follow the rapid rise from small to full isometric tension. 

As to the cause of this temporary failure, no evidence has been ob- 
tained yet. It may be, as Hill suggests [1938], that the sudden rise of 
tension causes a transient reduction of energy liberation below the level 
required to maintain the contraction. ae 
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After-effects of sudden stretches. Gasser & Hill [1924] found iat 
quick stretch applied to an active muscle causes its tension after a 
momentary rise to drop and to redevelop only gradually. No doubt, 
initially the elastic component alone had been stretched, its tension 
increasing until it caused the weaker parts of the contractile substance 
to “relax”. This, in turn, allowed the remainder to shorten; the tension 
dropped, as in a quick release, and redeveloped slowly. A quantitative 


comparison would presumably have shown that the tension redeveloped — 


Fig. 7. Transient effect of sudden rise of tension. English R. temp., 0° C. Shortening-14-6 mm. 
(about 40% of the resting length). A force approximately equal to the isometric 
tension (18 g.) is applied at three different stages during the development of tension at 
this length (lower figure). Initial load 2g. Note: “give” and reshortening in (1) and 
«& merely slight elastic stretch in (3). 


more slowly after an internal “ give”’ than it did originally (cf. Table IV), 
because some of the overstretched linkages were permanently damaged 
and acted as additional elastic tissue in series with the contractile 
elements. 
Permanent after-effects indicating a weakening or complete break of 
some contractile links were regularly found after application of several 
rapid stretches (P/P,>1-8). A variety of changes in form and size of the 
isometric records were observed (Table IV), which can all be interpreted 
as due to a partial transformation of active contractile into passive 
elastic tissue and an increase of the internal shortening C (p. 52). The 
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IV 
A. Effects of injury (due to quick stretches) on the isometric tension records. 
II 
3 I (After ted 

| (Initial) stretching) 
P (short) (shortening 44-2 g._ 46-3 g. 

30-5 g. 26 g. 

Twitch/tetanus ratio 
Half-time of tetanus tension 0-08 sec. » 017 sec. 
Elastic shortening (incl. lever eas 15mm... 2-5 mm. 


for quick release from P, (long) to 7g. 


B. After-effects of quick stretches, depending on length of muscle. The Levin-Wyman 
apparatus was used (p. 47), limiting the speed of “giving”. At 5mm. (third and fifth 
column, load 134g.) the initial speed of lengthening was, on the average, 1-7 cm./sec., at 
13mm. (fourth column, load 72 g.), 2-8 om./sec. 


3 quick After 
stretches further3 3 stretches After 
from from 3 stretches 
5 to from 13 to 5 mm. from 
shortening 5to0 mm. 5 to0 mm. 
P, (long) (g.) 69-5 15-5 79-5 77 76 
P, (5 mm. short) (g.) 89 73 60-6 62-6 55-5 
Twitch (long) (g.) 47-5 38-5 33-2 34-0 30-0 
P, 
8 1:31 
P, (2) 0-7 1-04 3 1-23 1:37 
Tetanus 
Twitel ratio 1-46 1-96 2-38 2-28 2-53 
eo of tetanus 0-073 0-16 0-23 0-24 0-27 
sec. 


It is obvious that stretching from a length 13 mm. less to one 5 mm, less than the 


initial length (fourth column) has no damaging effect at all. 


(isometric tension)—(length) relation changed, the maximum tension 
now appearing at a greater length than initially: it often happened that 
P, (long) was unaltered or even greater than before, while P, (short) was 
considerably reduced. The isometric tetanus tension developed 2-3 times 
more slowly and, as a consequence, the ratio of twitch to tetanus tension — 
became less. The amount of undamped elastic shortening during a quick 
release was greater than initially, though it did not increase in proportion 
to the slowing of tension development. This is not surprising, since some 
parts of the muscle were probably not completely inactive, but merely 
weakened; they would gradually lengthen during an isometric contrac- 
tion, and so protract the development of tension, but would not have 


undamped elasticity as observed in a quick release. 
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It is interesting to note that the after-effects of a quick stretch 
depended upon the length at which the “giving” took place. It was 
usually observed if the muscle was stretched beyond its length of maxi- 
mum tension, e.g. from 5 mm. shortening to the initial length (initial 
load 2 g.), but not if an equally large stretch was applied at a shorter 
length (e.g. from 13 to 5 mm., see Table IV). In the latter case, the 


“giving” seems to be due merely to an opening, or “unfolding” of closed 
linkages, in the former case it involves overstretching and possible 


breakage of some links. 


(4) (3) ) 
Fig. 8. Experiment analogous to Fig. 7 made on tortoise muscle at 14°C. Loaded at 


various stages of tension development (15-6 mm. shortening, about 30% of the resting — 


length) with 73 g. The isometric tension falls somewhat during the experiment so that 


the applied force was nearly equal to P, in record (1), to 1-1 x P, in record (4). Lower 


curve shows development of tension. 


Internal “giving” during isometric contraction. It was previously 
mentioned that the development of isometric tension in tortoise muscle 
is much slower than that calculated from the constants a and b and the 
undamped elastic extension C. An important factor contributing to this 
divergence is presumably the giving of weak linkages at tensions even 
less than the isometric. This is suggested by the following observations: 
Tortoise muscle, in contrast to a frog’s sartorius, “gives” even if the 
applied force is only slightly greater than the isometric tension [see Fig. 4; 


cf. also Levin & Wyman, 1927; Hill, 19386]. Furthermore, if during the — 


development of tension, the force is raised quickly from, for example, 
0-85 to full isometric tension (Fig. 8), this is followed by a small “give” 
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which continues for a considerable time before being reversed (in Fig. 8 
for 0-5 sec.). The contractile state is fully developed long before then, 


_ shown by the equal speeds of initial and delayed shortenings with a large 


after-load (Table I). Apparently, some parts of the muscle “relax” under 
a load which at the same time can be lifted by others. The total change 
of length seems to be made up by (i) a “giving” of gradually diminish- 

ing speed, (ii) a slow uniform shortening which eventually reverses the 


lengthening. 


Both observations suggest that, in this muscle, the “isometric” force 
which can be exerted by each individual linkage varies greatly among 
the constituents of a contractile chain, and that, therefore, mutual 
shortening and lengthening is likely to take place during the ordinary 
isometric contraction. 

‘In frog’s muscle, the situation is different: loads which do not con- 
siderably exceed the isometric tension cause only a very slow lengthening 
and, therefore, the development of isometric tension would not normally 
be slowed by an internal “give”. There are, however, three cases in 
which such “give” is likely to occur: (i) at the beginning of an isometric 
tetanus, when the full activity has not yet spread uniformly over the 
whole length of the fibres, (ii) after partial weakening or breakage, 
(ili) perhaps at a very short length, where a large variation of the force 
exerted by individual elements of a contractile chain may be expected 
(the isometric tension changing rather pa with slight changes of 


length). 
SuMMARY 


The relation between applied force and speed of isotonic shortening 
was studied in frog and tortoise muscle. The observed relation is satis- 
factorily described by Hill’s hyperbolic equation (P +a) (v+6)=const. 
The constant 6 (per length of muscle) is about 14 to 40 times, the constant 
a (per isometric tension) about 2-5 times greater in frog than in tortoise 
muscle. 

_ The development of isometric tension can be arabian as a gradual ~ 
internal shortening of the contractile substance against an elastic, 
passively extending portion. The isometric tension records were compared 
with Hill’s theoretical relation. A satisfactory agreement between ob- 
served and calculated tension records is found in the frog’s sartorius. 
In tortoise muscle large divergences are observed, the reasons of which 
are discussed. 

The relation between a force greater than isometric and the resulting 
speed of “reversible” lengthening was determined. The observed veloci- 
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ties are considerably smaller than caloulated from theory. If the applied 


force exceeds the isometric tension by 70-100%, the muscle “relaxes” 
rapidly. 


A shortened muscle “gives” and later “‘reshortens” if its tension is . 


suddenly increased from small to isometric strength. 
Rapid stretching of an active muscle, beyond its optimum length, is 
apt to break or weaken permanently parts of the contractile substance. 


My sincere thanks are due to Prof. A. V. Hill for his suggestions and help during this 
work, and to Mr J. L. Parkinson for invaluable technical assistance. 
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THE RESISTANCE OF NERVE IN RELATION TO 
INTERPOLAR LENGTH 3 
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Ir has been shown by Rushton [1934] that from the relations between 
nerve resistance and interpolar length a measure of the conductivity 
across the nerve sheath may be obtained. Rushton, however, was less 
interested in the accurate measurements of this conductivity than in 
the approximate correspondence between values derived from (a) excit- 


ability, and (b) physical measurements. It was the purpose of the 


investigation reported here to study the accuracy with which this con- 
ductivity may be measured, and what changes in conductivity occur due 
to the action of calcium, potassium, and other substances which markedly 
affect the behaviour of nerve. 3 
The type of treatment due to Rushton has been adopted. It is 
assumed that the axon may be regarded as a relatively highly conducting 
core, surrounded by a sheath which is of highly resistant material. The 
nodes of Ranvier are neglected, and it is assumed that the resistance of 
the sheath is so high, compared with that of the interstitial fluid, that 
each axon will be affected similarly by an applied current. Then the re- 
sistance 7' between two electrodes distance s apart is 
(1) 


r+o 
where o =resistance per unit length inside the sheath and A, the 
“characteristic length”, is defined as A? = R/(o+r), where 1/R is the 
conductivity per unit length across the sheath. This relationship was 
obtained by Rushton [1934]. 

If T is plotted against s, a curve of the type shown in Fig. | is obtained. 
For large values of s, that is, when the distance between the electrodes 
is large, the curve is a straight line of slope ro/(r+o), intercepting the 
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T axis at the value Ar*/(r +c). For small values of s, the curve deviates 
from a straight line by the quantity e-“”; hence, by plotting the logarithm 
of this deviation against s, a straight line should be obtained of slope 
—1/A. From experimental data we can therefore obtain ro/(r+0), 
Ar?/(r+a) and —1/A; therefore we can calculate the values of r, o and R. 


Lf 


70 
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0 0-2 0-4 0-6 0-8 1-0 1-4 20 
Interpolar distance, cm. : 


(a) in Ringer of half the normal concentration, (6) in normal Ringer, (c) in Ringer of 
twice the normal concentration. (Frog nerve.) 


EXPERIMENTAL DETAILS 
The resistance of the nerve was measured by a bridge method: 
Rushton had employed a direct current and a sensitive galvanometer. 
The circuit used for the earlier experiments is shown in Fig. 2a; this was 


later replaced by that shown in Fig. 2. The later circuit has the advan- 
tage that the current through the nerve is kept approximately constant, 


irrespective of the interpolar length. The ratio arms Y and Z were kept 
at 50,000 Q. each; in circuit 26 the resistance G was kept at either 50,000 
or 100,000 2. One stage of amplification was used in the telephone 
circuit. A Cambridge oscillator, giving a pure sine wave, was used as 


the source of £.m.¥. The voltage generally used was 20 mV., so that the | 
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current through the nerve was about 0-2uA.; increasing this tenfold . 
made no difference to the measured resistance. The frequency was 
500 per sec., and moderate changes in frequency made little difference 

to the values calculated for R. 


Fig. 3. 

Fig. 2. Circuit diagrams for measurement of nerve resistance. 
The nerve is the impedance element N. 

Fig. 3. Diagram of cross-section of nerve resting on electrodes. 


The electrodes were of fine silver wire, lightly chlorided. For frog 
nerves two series of electrodes were used; one consisting of a series of 
horizontal wires, spaced at intervals of 0-1, 0-2, 0-3, 0-45, 0-6, 0-8, 1-2, 
1-8, ete., cm.; the other of sets of two wires crossing at right angles, with 
the same intervals as above between the sets. In the first series the nerve 
made contact with each electrode in one point only (Fig. 3a). In the 
second series the nerve was laid on the wires at the intersection, so that 
contact was made in two points at each electrode (Fig. 36). 

The characteristic length A of crab nerves is much less, so that the 
electrodes had to be placed much closer together, the intervals being — 
0-025, 0-05, 0-1, 0-15, 0-24, 0-32, etc., cm. The silver wire for these elec- 
trodes was 0-0025 cm. (25y.) thick, and was so fragile that it had to have 
support throughout its length. It was finally found that when the wire 
was fastened to a sheet of ebonite with sealing wax sufficient rigidity and 
strength could be obtained. Even so, the size of the wires was such that 
10 % of the space between the nearest electrodes was occupied by the 
wire. Hence the results given here for crab nerve cannot be at all 
accurate, and the resistance obtained for the membrane is probably to 
be regarded as a rough approximation. 

The electrode systems were enclosed in ebonite boxes, and precautions 
were taken to avoid evaporation from the nerve during the experiments. 
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The nerves were limb nerves from Hungarian frogs and from Carcinus 
maenas, the shore crab. They were kept in aerated Ringer’s solution, 
except during resistance measurements. In the case of frog nerves the 
blood vessels, etc., adhering to the outside of the nerve were removed. 
Measurements on crab nerves were made on small bundles taken from 
the original large bundle of non-medullated fibres by teasing under 
crab’s Ringer. 

Nerves were kept in Ringer for at least 1 hr. between dissection and 
the first resistance measurement. : 


RESULTS 


_ Frog nerve. Fig. 1 shows examples of curves obtained with nerves in 
Ringer of varying tonicity. Fig. 4 shows the logarithm of the deviation 
from linearity of the resistance-interpolar length curve plotted against s 
(interpolar length) for the same experiments as in Fig. 1. The curves of 
Fig. 4 are straight lines, within experimental error, as Rushton predicted 
and found. As would be expected, the resistance of the nerve is decreased 
' as the tonicity of the Ringer is increased. 

The results, however, are not as satisfactory as might be inferred. 
Inspection of results obtained with a large number of nerves kept in 
normal Ringer, but removed periodically for resistance measurements, 
showed that even when the greatest care was taken the resistances 
measured in any individual case were subject to an error of +1000 Q., 


or +5 % of the resistance in an average measurement. This error is 


probably due to uneven wetting of the nerve, and to uneven contact 
with the electrodes. It could not be reduced by any reasonable treatment 
of the nerve or the electrode system. If the silver-silver chloride elec- 
trodes were allowed to dry at any time after deposition of AgCl they 
became less readily wetted, and much larger errors were found. If an 
error of this size is taken into account considerable latitude enters into 
the interpretation of the results. For instance, the limiting straight line 
of the nerve in Fig. 1 may have any slope between the limits shown by 
the dotted lines of the figure. Let us consider the three cases of the 
average, the maximum and the minimum slopes, which are possible 
with the data for this nerve. In the first place there are three slightly 
different curves over the range of short interpolar lengths, so that 
different curves are obtained in each case when the logarithm of the 
“deviation” is plotted against s. This is illustrated by Fig. 5. None of 
the curves have the same slope, but it is striking that all three curves 
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are linear. Evidently linearity of these logarithmic curves is not a 
rigorous test of Rushton’s theory when the experimental error is as large 
as in these experiments; if it were a rigorous test only one curve would 
be linear. All that can be said is that the evidence is compatible with 


Interpolar length, om. Interpolar length, cen. 
Fig. 4. Fig. 6. 


Fig. 4. The deviation from linearity of the resistance-interpolar length curve of Fig. 1, 
_ plotted against interpolar length, for the three concentrations of Ringer used. 
Fig. 5. Three alternative values of the “deviation” plotted against interpolar length. 
The values at the same interpolar length are alternative readings, showing the upper, 
lower and average values of the “deviation” made possible by experimental error. 


The analysis of these results is carried a step further in Table I. 
Here are values of r, c, and R for the three cases just mentioned. r and o 


Tasxz I. Frog nerve 39a. Ringer pH 7-1. Effect of experimental 
error on values of A, r, co, and R 


a 
: 
10° 3 
‘ 2 Ringer 2 
g 10* 
4 
Intercept Slope A r R 3 
Q. Q./cm. mm, Q. .-cm. 4 
Least slo 18,500 17,500 2-58 89,000 21,700 7350 4 
Intacehediabe slope 16,000 19,500 2-45 95,000 24,700 7200 4 
Greatest slope 13,600 21,000 2-06 87,000 27,700 4850 3 
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are affected quite significantly by the experimental error, the variation 
in r being +4 %, and ino +10%. But the variation in R, the most 
important quantity, is much larger, being about +30 %. It is evident 
that only large changes in R will be significant. That this is so was con- 
firmed by a number of successive experiments made on the same nerve. 
Between measurements the nerve was removed from the electrodes and 
kept in aerated Ringer for periods varying between 5 min. and 3 hr. 
Table II shows a typical case. The variation in R is again about +30 %. 


TaB.E II. Successive measurements on the same frog nerve at intervals of 1} hr. 


A 
mm. Q. Q.-cm. 
1) 3-0 123,000 21,000 12,900 
) 2-3 108,000 21,200 6,850 
(3) 2-4 142,000 16,200 9,100 


Table III shows a typical case of the effect of soaking the nerve in an 
isotonic Ringer containing 10 times the normal amount of potassium. 
Table IV is a similar case for a Ringer containing 10 times the normal 
calcium. In neither case is there a significant change in R, although the 
time of soaking was far greater than is necessary for these concentrations 
of potassium and calcium to exert a marked effect on the excitability 
of the nerve. 


Tasiz III. Measurements on the same nerve: (1) after soaking in Ringer, (2) after 1 hr. 
_ soaking in Ringer with the addition of isotonic KCl to bring the K to 10 times the 
usual value, (3) after 2 hr. further soaking in the potassium-rich Ringer. 


A r o R 
mm. Q. Q. Q.-cm. 
1) 2-35 66,600 35,000 5600 
2) 2-30 109,000 21,500 6900 
(3) 2-05 99,000 24,100 5200 


Tasie IV. (1) Frog nerve after soaking 2 hr. in Ringer, (2) the same nerve after soaking 
17 hr. in Ringer with the addition of isotonic CaCl, to bring the Ca concentration to 
10 times the usual value. 


| r o R 

mm. Q. Q. Q.-cm. 
(1) 2-62 115,000 23,800 8800 
(2) 2-25 117,000 20,500 7000 


The effect of pH changes on R was also investigated. The pH of the 


herve was changed whilst it was in position on the electrodes by passi 


air containing CO, or NH, into the electrode chamber. Since changes in 
pH were made by this method without removing the nerve from the 
electrode, the measurements were much more accurate, and a change in 
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R of 100 Q. would probably have significance. With sufficient CO, to 
change the pH of the external phase from 7-1 to 6-0, the changes in total 
resistance were small, and the change in R was negligible: the change 
was restricted, within experimental error, to r and o. With sufficient 
ammonia to change the pH to 8-0, there were small decreases in both r 


and ¢. If, however, enough ammonia was present to bring the pH to 


9-8, there was a steady fall in resistance of the nerve, occupying many 
hours. After the first half hour of exposure to ammonia, r and o under- 
went comparatively little change, but R continued to fall, reaching a 
value only 50% of the original value after 12-18 hr. exposure. This 
treatment, however, killed the nerve very rapidly, and the resistance 
changes observed have no physiological significance. It may be con- 
cluded that variation of pH between 6-0 and 8-0 has little influence on 
the resistance of the nerve sheath. 

Crab nerve. Crab nerves present several difficulties not encountered 
in frog nerves. (1) The resistance of the nerve membrane is much less 


than that of frog nerve, so that resistance measurements must be made 


at much smaller intervals and a very fine nerve bundle must be used; 
(2) the nerves stretch very easily, so that many experiments are in- 
validated by one part of the nerve being stretched more than another 
as the nerve is laid on the electrodes (this error is usually revealed by 
an abrupt change of slope in the resistance-interpolar length curve); 
(3) with such small nerve bundles great care must be taken to avoid 
evaporation. However, all the experiments which were not obviously 
defective agreed in giving comparable values of R, the resistance across 
the nerve sheath per cm., so that it seems probable that the precautions 
taken were adequate. Results are given in Table V for two different 


Taste V. Results for two different bundles of crab nerve 


A r o R 
mm. Q.-cm, Q.-cm. Q.-cm. 
(1) 0-053 65 x 10° 9-6 x 10* 185 
(2) 0-090 2-46 x 10° 12-6 x 10* 218 


nerve bundles. Fig. 6 shows that the logarithm of the “deviation”’ 
plotted against s is linear for these nerves. Both nerve bundles responded 
to electrical stimulation after remaining for more than one hour on the 
resistance measurement electrodes, so that at least some of the fibres were 
relatively unharmed by the treatment involved. The values of R for 
the two bundles were 185 and 218 Q.-cm.: if these are converted to 
values of R corresponding to the same o of 10° Q., the values are 193 
and 173 Q.-cm. which, within experimental error, are the same. We 
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can compare this with frog nerve if it is assumed that R is inversely pro- 
portional to the cross-section of the trunk. An average Hungarian frog 
sciatic nerve has R = ca. 5000 Q.-cm.; for a Carcinus maenas limb nerve 


of the same diameter R = 5 to 10 Q.-cm., or about 1/1000 of the resistance 
of frog nerve. This estimate is, of course, very rough. : 


Fig. 6. “Deviation” plotted against interpolar length, 
for two different bundles of Carcinus fibres. 


SUMMARY 


' Assuming that a nerve may be regarded as a conducting core sur- 
rounded by a resistant sheath, lying in a conducting medium, conduc- 
tivity experiments have been made following Rushton’s treatment, by 
which the several resistances can be determined. Errors, probably caused 
by uneven distribution of water over the surface of the nerve and by 
uneven contact with the electrodes, are so large that a rigorous test 
cannot be obtained for this hypothesis. The results obtained, however, 
are compatible with this theory. 

Very large errors also enter into the measurement of R, the resistance 
across the nerve sheath. It has, however, been possible to show that for 
frog nerve the maximum change in R for a pH change from 6 to 8 is 
less than +10 % of the value at pH 7. Addition of calcium or potassium 
to bring the total in the Ringer to ten times normal does not change R 
by more than + 30 % of the value found in normal Ringer. Both calcium 
and potassium in these concentrations have very marked effects on the 
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excitability of nezve, so that it seems probable that the membrane on 


which these ions act gives rise to a relatively insignificant ane of ~~ 


total sheath resistance. pie) 
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EXPERIMENTAL OLIGOCYTHAEMIA AND 
SPLENOMEGALY 


By J. MELLANBY anp §S. F. SUFFOLK 
From the University Laboratory of Physiology, Oxford 
(Received 27 March 1939) 


THE physiological significance of the presence of comparatively large 
quantities of urea in the blood and tissues of the body is at present un- 


_ known. The experimental results recorded in this paper were obtained in 


an attempt to elucidate the functions of tissue urea by observing the 
effects produced by the intravenous injection of urease obtained from the — 
jack bean. 

In 1921 Carnot, Gérard & Moissonnier found that the intravenous 


injection of urease into an animal rapidly converts the urea of the blood . 


into ammonia and kills the animal by ammonia poisoning. Rigoni [1930] 
on the other hand found that after the intravenous injection of non- 
lethal doses of urease the enzyme accumulated in the blood and liver. 
Although the enzyme in the blood continued in an active state yet there 
was no appreciable increase in blood ammonia, whereas, sometimes, as a 


consequence of an increased formation of urea the amount of this sub- 


stance in the blood actually increased. These experiments were repeated 
by Tauber & Kleiner [1931] using crystalline urease prepared from jack- 
bean meal by the method of Sumner [1926]. They obtained opposite 
results to Rigoni. Intravenous urease quickly and completely trans- 


- formed the blood urea into ammonia and the animals died of symptoms 


similar to those produced by ammonia poisoning. Subsequently Kirk & 
Sumner [1931] immunized rabbits against urease and showed that where- 
as immune rabbits showed no increase of ammonia after the intravenous 
injection of urease non-immunized rabbits were killed by the ammonia 
produced. 

On the balance of evidence it appears that the intravenous injection 
of urease causes death by ammonia intoxication. Lublin [1922], however, 
found that although the simultaneous injection of urea and urease into 
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the blood of rabbits caused death yet he obtained no evidence that urea 
was converted into ammonia. He attributed the lethal effect to the 
formation of emboli in the blood vessels since the red cells of the rabbit are 
agglutinated by urease in vitro. 


METHODS 


Operative technique. The majority of the experiments were carried out 
on cats. Anaesthesia was maintained by the intravenous injection of 


chloralose (0-08 g./kg.) after preliminary induction with ether or ethyl 


chloride. Tracheotomy was performed and intravenous injections were 
made through a cannula inserted into the right saphenous vein. Samples 
of arterial blood were obtained from a cannula tied into the right carotid 
artery. 

. Plasma and corpuscular volumes. These were estimated by the congo 
red method of Keith, Rowntree & Gerachty [1915] and the haematocrit 


respectively. 


Estimation of ammonia and urea in blood. (a) dea Dec. 


blood was added to 1-2c.c. H,O and 0-3c.c. H,SO, (0-66N) and well 
mixed. 0-3c.c. sodium tungstate (10%) and 6-0c.c. H,O were then 
added and the precipitated protein was filtered off. 5.c.c. of the filtrate 
were used for Nesslerization as in the estimation of urea. 

(6) Urea. 0-2.¢.c. blood was added to 1:0.c.c. H,O and 0-2 c.c. of a 
suspension of urease (1 tablet urease (Dunning) suspended in 10 c.c. H,O). 
After incubating at 38°C. for 30 min. 0-3.c.c. H,SO, (0-66N), 0:3 c.c. 


sodium tungstate (10 %) and 6 c.c. H,O were added. The contents of the : 


tube were well mixed and the protein precipitate was filtered off. 1 c.c. 
of Nessler’s reagent (prepared according to the method of Koch & 
McMeekin [1924]) was added to 5 c.c. of the filtrate. The resulting colour 
was compared with that produced by a standard ammonium sulphate 
solution (22 mg./l.).. 

Urease. Many of the experiments were <a with urease tablets 
(Dunning). Each tablet contains 25 mg. urease and the part soluble in 
1 c.c. of Ringer solution was used as the source of urease. 

In later experiments jack-bean meal was extracted with five times its 
weight of water for 1 hr. The opalescent fluid obtained after centrifuging 
was precipitated by 10 vol. acetone. The dried precipitate had con- 
siderable urease activity and was completely soluble in water. The strength 
of solution used was 25 mg. in 1 c.c. Ringer solution. The preparation 
produced reactions similar to those given by the urease tablets (Dunning). 
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CHANGES IN THE BLOOD PRODUCED BY UREASE 


Corpuscular volume. There are wide variations in the corpuscular 
volume of the blood of apparently normal cats. The following figures give 
the haematocrit values (%) for ten cats: 33-5, 41, 25, 33, 29, 31, 40, 33, 
32, 33; average, 33. The number of red blood corpuscles in the cat giving 
a haematocrit value of 33 % is 8,750,000 per c.mm. The high value is due 
to the fact that the cat’s red corpuscles are only about 5 in diameter. 
1 c.c. urease solution was injected into the saphenous vein of an anaes- — 
thetized cat (2-7 kg.). After 5 hr. the animal died from cardiac failure. 
The figures in Table I give the haematocrit values of the blood during the 
progress of the experiment. Despite the large fall in the corpuscular 
volume there was no respiratory distress before the death of the animal. 


Tass I 


Time after urease hie 
injection (i.v.) of blood 

% 

0-0 32-0 
0-5 21-0 
1-0 18-0 
15 14-5 
2-0 10-0 
3-0 9-0 
5-0. 7-0 


White corpuscles. The haematocrit values for blood give the volumes 
of the red corpuscles owing to the great preponderance of these cells over 
the other formed elements in blood. Special counts were therefore made 
to determine whether the white corpuscles left the blood at the same rate 
as the red corpuscles. 1 c.c, urease solution was injected intravenously 
into an anaesthetized cat (3-0 kg.). The determination of the haematocrit 
and white cell values after varying times gave the results in Table II. 


Taste II 
injection (i.v.) value of blood 
per c.mm, 

0 27-0 

5 20-0 5800 
10 17-0 5200 
15 14-0 4700 
60 5000 


It is evident that the fall in the number of white corpuscles is not so 
great as in the red, although a decided leucopenia is produced. A series of 
experiments in which divergent values were obtained indicate that the 
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removal of the red and white corpuscles is not effected by the same 
mechanism. 

Plasma volume and total blood volume. Table III gives the results of 
two experiments. Cat A (2-7 kg.) shows the effect of an intravenous 
injection of urease on the plasma volume after 1 hr. Cat B (3-2 kg.) 
shows the effect after 1-5 hr. The blood volumes were calculated from the 
haematocrit values and the plasma volumes. The constancy of the 


III 
Haematocrit Plasma Calculated blood 
value volume 
% ¢.0, 
Cat A: 
N 36 135 210 
urease injection 11 130 146 
v. 
Cat B: 
N 4l 180 305 
1-5 hr. after urease injection 9 180 197 


plasma volume despite the large change in corpuscular volume is re- 
markable. The results indicate that the general statement regarding the 
constancy of the blood volume is true only of the plasma volume. 

The effect on the time of survival of a transfusion of blood corpuscles. The 
results described indicate that the death of a cat from cardiac or respira- 
tory failure after the intravenous injection of urease may be due to oxygen 
want caused by the oligocythaemia. To test this hypothesis a cat was 
injected with urease. When the corpuscles had fallen to a low level and 
the animal was on the point of death an intravenous injection of normal 
cat’s corpuscles was made. The figures in Table IV give the results of an 


Taste IV. Cat (3-4 kg.) anaesthetized with chloralose. 
urease solution injected intravenously 


injection value of blood 
hr % 
0 26 
1 13 
15 12 


At 1-5 hr. the animal showed signs of respiratory failure and 18 c.c. of a suspension 


Time after transfusion Haematocrit value 
of corpuscles 


of blood 
min. % 
5 25 
60 25 
120 25 
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experiment of this kind. The transfusion of normal red corpuscles raised 
the haematocrit value to 25% and completely restored the animal. 
After 2 hr. a second intravenous injection of 1 c.c. urease solution was 
made. Ten min. later the haematocrit value of the blood had fallen to 
10 % and the cat died of cardiac failure. 


CHANGES IN THE SPLEEN PRODUCED BY UREASE 


The weight of the spleen in the average cat is about 7 g. There are 
divergencies in apparently normal animals possibly due to some obscure 
infection. The following figures give the spleen weights in g. of ten normal 
cats: 6-5, 8, 5-5, 6-5, 9, 5-5, 11, 6-5, 5-5, 6-5; average 7-0. 

Spleen weights of cats killed by urease. The spleen of a cat killed by the 
intravenous injection of urease is greatly increased in size—in fact it 
appears as if the cells of the blood were retained in the spleen whilst the 
plasma remained in the vascular system. The following figures give the 
weights (g.) of the spleens from ten cats which died as the result of an 
intravenous injection of urease: 28, 45, 36-5, 23, 26, 32, 29-5, 24-5, 25-5, 
49-5; average 30-5. There is thus on the average a fourfold increase in the 
weiglit of the spleen as the result of the injection of urease into the blood 
stream. The effects previously described on the corpuscular content of 
the blood and the histological characters of the spleens indicate that the 
increase in weight is due primarily to the retention of the blood corpuscles 
in that organ. We propose to defer the account of the histological 
changes in the spleen to a subsequent communication. 

The effect of adrenaline on the corpuscular volume of the blood after 

— urease. The established fact that the volume of the spleen is controlled to 
some extent by the sympathetic system indicated that the life of a cat 
after the injection of urease might be prolonged by the intravenous 
injection of adrenaline. Experiments were therefore carried out to 
determine whether the intravenous injection of adrenaline subsequent to 
the partial fall in the corpuscular content of the blood produced by urease 
would cause the corpuscles to return to the blood. The results are given 
in Table V. It may be observed that the first adrenaline injection caused 
a marked rise in the haematocrit value of the blood (13-5-17-5 %). 
Eight subsequent injections of adrenaline did not keep up the corpuscular 
content of the blood, the haematocrit value fell steadily to 7-5 % and 
after 1-5 hr. the cat died. It is evident that the sympathetic mechanism is 


unable to prevent the accumulation of blood corpuscles 1 in the spleen 
after the intravenous injection of urease. 
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Tasce V. Cat (2-5 kg.) anaesthetized with chloralose. 


urease solution injected intravenously 
Time after Haematocrit value 
urease (i.v.) of blood | 

min. 
0-0 33-0 
2-5 27-0 
5 25-5 
10 22-5 
30 14-5 
60 13-5 

At this stage adrenaline (20 ug.) was injected (i.v.) every 15 min. | 
90 17-5 
120 15-0 
150 14-5 
180 13-5 
200 75 
Death of cat. 


The effect of splenectomy on the time of survival, The results recorded 
indicate that the death of the animal from cardiac or respiratory failure 
after the intravenous injection of urease may be due to oxygen want 
caused by the oligocythaemia secondary to the accumulation of blood 
corpuscles in the spleen. On this hypothesis splenectomy previous to the 
injection of urease should allow the cat to survive. 

A cat (2-9 kg.) was anaesthetized with chloralose and the spleen 
removed. One c.c. urease solution was injected intravenously. The 
figures in Table VI show the subsequent blood changes. Two facts are 


Tasie VI 
Time after urease value 
injection (i.v.) of blood 
hr. % 
0 4l 
1 31 
2 21 
3 21 
4 21 
4-75 Death of cat 


evident from these figures. First, despite the previous removal of the 


spleen, the haematocrit value of the blood fell 50 % after the injection of 
urease. Therefore some structure other than the spleen must take up the 
red blood corpuscles under these conditions. The problem has not been 
worked out in detail, but the liver appears to take a part in this action. 
Secondly, the death of the animal may occur independently of the anox- 
aemia caused by the deficiency of red blood corpuscles, This second 
factor has been determined by investigating the action of urease on the 
cardio-vascular system, 
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- ‘Tm ACTION OF UREASE ON CARDIAC MUSCLE AND THE 
ARTERIAL BLOOD PRESSURE 


Cardiac muscle. The isolated heart of a rabbit was steed with 


oxygenated Ringer-Locke fluid (see Fig. 1). The normal beat was 
registered (A) and then 1 c.c. urease solution was added to 100 c.c. of the 


- perfusing fluid. No change was produced in the beat until, after an 


interval of 45 min., the rate and amplitude rapidly decreased and the 


Fig. 1. Perfused rabbit’s heart. A, normal. B, after perfusing 45 min. with Ringer- 
Locke’s fluid containing urease. At | perfused with Ringer-Locke’s fluid only. C 
recovery. | 


heart ceased to beat (B). The heart was perfused with fresh Ringer- 
Locke solution; the rate and amplitude of the beat quickly recovered (C). 


One c.c. urease was added to 100 c.c. of the perfusing fluid. In 30 min. 
the heart again failed and ceased to beat. 


It is clear, therefore, that urease has a specific toxic action on cardiac 


muscle and may thereby kill an animal apart from the oxygen want 


secondary to the oligocythaemia produced by the withdrawalofcorpuscles . 
from the blood. Probably, in the intact animal, the oligocythaemia 


augments the toxic action on the cardiac muscle and both eae deter- 
mine ‘the lethal effect. 
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Arterial blood pressure. A record of arterial blood pressure taken 
from an anaesthetized cat shows two distinct blood-pressure effects after 


the intravenous injection of urease. 
A cat (3-0 kg.) was anaesthetized 
with chloralose and a record taken 
of the arterial blood pressure. Fig. 2 
shows the relevant facts observed. 
_ The initial blood pressure was 
about 110 mm. Hg. After the injec- 
tion of 1 c.c. urease solution the blood 


pressure rapidly fell to 80 mm. Hg. 


It kept comparatively steady at this 
pressure for about 3 hr., at the end 
of which time the pressure had fallen 
to 65 mm. Hg. Within the next few 
minutes the heart rapidly failed, the 
blood pressure fell to zero and the 
cat died from cardiac failure. It is 
fairly clear that the cardiac failure 


_ was precisely similar to the stoppage 


of the heart’s action observed with 
the perfused heart 45 min. after the 
addition of urease to the Ringer- 
Locke perfusing fluid. 

An estimation of the haematocrit 
value showed that the preliminary 
fall of blood pressure was due to the 


nm. 


Fig. 2. Blood a of cat injected with 


_ urease. Top: { urease injected. 


Bottom: death of cas 3 hr. later. 


disappearance of corpuscles from the circulating blood. The initial haema- 
tocrit value was 25 %, and after the initial fall of blood pressure 12 %. 


THE ACTION OF INTRAVENOUS UREASE ON THE UREA AND 
AMMONIA CONTENT OF BLOOD 


In view of the divergent results described by various investigators on 
the action of urease on the blood urea, we first determined the action of 


our urease preparations in vitro. 


A comparison of the effect, in vitro, of urease on (a) urea in blood, and 


(b) urea in a phosphate buffer. 


(a) One c.c. urease solution was added to 100 c.c. defibrinated cat’s 


blood. The blood contained 40 mg. % urea 
PH, XOVI. 
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(6) One c.c. of the same urease solution was added to 100c.c. of a 
urea solution containing 30 mg. % urea, 0-054 % K,HPO, and 0-0425 % | 
KH,PO,. 

The figures in Table VII show the rate of decomposition of the urea in 
the two solutions at 38° C. If we assume that in the blood a little of the 


Tasiz VII 
- ‘Time Urea in blood Urea in phosphate buffer 
min. (% urea unchanged) (% urea unchanged) 
0 100 100 
7-5 93-5 81-5 
150 | 87-5 70-5 
30-0 72-5 
60-0 42-5 26-0 
90-0 10-0 


urease is removed from the sphere of action (possibly by some antiurease) — 
or the urea in the corpuscles is not immediately available for the action of 

the urease in the plasma, then the velocity of the enzyme action in the 
two cases is practically identical. In any case the amount of urease in 
1 c.c. of the solution used is capable of breaking down the greater part of 
the urea in 100 c.c. blood within 90 min. at body temperature. 

The effect of intravenous urease on the blood urea. One c.c. urease was 
injected into the saphenous vein of a cat (2-8 kg.) anaesthetized with 
chloralose. Table VIII gives the haematocrit values for the blood and the 
amount of blood urea (mg. %) after varying periods of time. It is evident 


Tasiz VIII 
Time after value Urea in blood 
urease (i.v.) of blood Da 
% 
0 27 52 
5 20 54 
10 17 56 
15 14 58 
30 12-5 62 
60 10-5 62 
Death of cat. 


from these figures that the urea content of the blood does not diminish 
after the intravenous injection of urease, in fact, during the course of 1 hr. | 
there is an increase of blood urea of 10 mg. %. 

In the following experiments the blood ammonia was determined in 
addition to the blood urea and the haematocrit value. Onec.c. urease 
solution was injected into the saphenous vein of a cat (3-6 kg.) anaes- 
thetized with chloralose. The figures in Table [IX were obtained after 
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varying periods of time. It is evident that in this case also t} se | 


small increase in the urea content, but no change in the ammonia content 
of the blood. 


IX 

urease (i.v.) of blood 
min. % | 

0 31 45 a 

30 25 51 3 

60 21°5 52 3 

90 17-5 55 3 

120 16 57 . 8 


A third experiment is quoted to show that in some Paninihse (the 


details of which have not been worked out) there is a very large increase of — 


blood urea, comparable to that observed in uraemia, unaccompanied by 
any significant change in blood ammonia. 
One c.c. urease solution was injected into the saphenous vein of a cat 


(2-7 kg.) anaesthetized with chloralose. The figures in Table X give the 


haematocrit values and blood urea and ammonia values after varying 
intervals of time. It is clear that there was no appreciable change in the 


Taste X 
Time after Haematocrit value Urea in blood NH, in blood 
urease (i.v.) of blood 4 
min. % % 
0 32 46 5 
30 21 46 5 
60 18-5 51 5 
90 14-5 70 5-7 
120 1 79 5 
150 9 112 4-6 


ammonia content of the blood during the period in which the urea content 
was augmented 240 % and the haematocrit value of the blood fell to less 
than one-third of its normal value. 

The figures certainly give no support to the contention that the toxic 
action of urease is due to the conversion of tissue urea into ammonium 
carbonate. 


THE EFFECT OF INTRAVENOUS INJECTION OF AMMONIUM CARBONATE 


The assumption that the intravenous injection of urease kills an 
animal by ammonia intoxication resulting from the conversion of tissue 
urea to ammonium carbonate was tested by direct experiment. Two 
experimental results are quoted. 

In the first experiment ammonium carbonate was injected into a cat 
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in quantities comparable to those which would be produced in the tissues 
from the conversion of urea to ammonium salts by injected urease. 

A cat (3-8 kg.) anaesthetized with chloralose had 28 mg. of ammonium 
carbonate dissolved in 1 c.c. Ringer solution injected into the saphenous 
vein every 15 min. for a period of 5 hr. The cat showed no sign of toxic 
effect, the haematocrit value of the blood remained constant at 32 % and 
the animal when killed had a normal spleen. The total weight of ammo- 
nium carbonate injected during the experiment was 560 mg. 

In the second experiment 300mg. of ammonium carbonate was 
injected intravenously into a cat (3-0 kg. anaesthetized with chloralose) 
every $ hr. After 1-5 g. had been injected respiration was depressed and 
artificial respiration was resorted to. A further injection of 1-9 g. 
ammonium carbonate, given in three quantities of 300 mg. at 30 min. 
intervals and a final dose of 1-0 g. killed the cat by cardiac failure. The 
haematocrit value of the blood remained at 33% throughout the 
experiment and the spleen after the death of the cat weighed 5-5 g. 

These experimental results may be taken as conclusive evidence that 
the oligocythaemia and splenomegaly described in the previous sections 
are not due to the toxic action of ammonium salts produced by the action 
of the injected u urease on the urea of the blood and tissues. 


We have described above the effects produced by the intravenous 
injection of urease preparations into cats on the blood, the spleen and the 
vascular system. 

It is evident that the enlargement of the spleen and the diminution 
of the blood corpuscles are causally associated with one another. The 
spleen, however, is not the only structure concerned in the removal of 
corpuscles from the blood since in the splenectomized animal there may 
be a 50 % fall in the haematocrit value of the blood, The histological 
appearances of the liver suggest that this organ takes a part in the 
removal of the corpuscles and possibly a more detailed examination 
would reveal the association of other tissues in the production of the 
oligocythaemia. 

The toxic effect of the urease preparations is not due to the oligo- 
cythaemia alone since death may occur when the corpuscular content of 
the blood is relatively high. Further, the toxic action of the urease 
preparations on the perfused rabbit’s heart shows that there is a direct 
action on cardiac muscle. 
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No evidence has been found that the production of ammonia from the 
tissue urea is the direct cause of this toxicity. In the first place there 
is a rise of blood urea after the injection of urease and no significant 
change in the concentration of ammonia. Further, although large doses of 
ammonium carbonate, injected intravenously into cats, produce a lethal 
effect yet these effects are in no way comparable to those produced by the 
intravenous injection of urease preparations and are unaccompanied by 

any change in the corpuscular content of the blood or the size of the 
spleen. 

Various globulins have been isolated from jack-bean meal in addition 
to crystalline urease. Thus Sumner (1919), following up the work of Johns 
& Jones (1916), has described the preparation and properties of Canavalin, 
Concanavalin A and Concanavalin B. The two Concanavalin globulins A 
and B have been obtained in crystalline form and a detailed examination 
of Concanavalin A by Sumner & Howell (1936) shows that this globulin 
has a powerful haemagglutinating action. We propose therefore to 
analyse in detail the phenomena we have described in this paper in so 
far as they may be explained on the basis of the action of urease, agglu- 
tinin and other possible principles of unknown = contained in 
meal. 


SUMMARY 


1. The intravenous injection of a crude urease preparation into a cat 
causes (a) oligocythaemia, (b) splenomegaly, and (c) death from cardiac 
failure. 

_ 2. The red corpuscles of the blood are diminished to a greater extent 
than the white corpuscles although there is a marked leucopenia. 

3. The plasma volume of the blood remains unaltered. 

4. The spleen is increased fourfold in weight on an average. In 
exceptional cases the increase may be tenfold. 

5. The increase in the weight and size of the spleen is largely due to 
the accumulation of blood corpuscles within it. This accumulation of 
corpuscles is not influenced by the administration of adrenaline. 

6. A definite oligocythaemia is produced in cats by the intravenous 
injection of crude urease after the previous extirpation of the spleen. 
The liver appears to take some part in the withdrawal of corpuscles from 
the blood. 

7. Urease preparations have a direct toxic action on cardiac muscle 
when tested on a rabbit’s heart perfused with oxygenated Ringer-Locke 
solution. 
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8. No evidence was obtained that urease kills a cat by ammonia 
intoxication. After the intravenous injection of urease there is usually a 
rise in the urea content and no change in the ammonia content of the 
blood. | 

9. The injection of a large dose of ammonium carbonate into a cat 
produces a lethal effect but the quantity required is outside the range 
of that which might be produced in the tissues of the animal. Further, 
ammonium carbonate has no effect on the corpuscular volume of the _ 
blood or the size of the spleen. : eon 
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THE INFLUENCE OF UREA AND OF CHANGE IN 
ARTERIAL PRESSURE ON THE OXYGEN CONSUMP- 
TION OF THE ISOLATED KIDNEY OF THE DOG 


By K. KRAMER anp F. R. WINTON 


_ From the Physiological Laboratory, Cambridge and the 
Pharmacological Laboratory, University College, London 


(Received 31 March 1939) 


CHANGES in the oxygen consumption of the kidney have been regarded 
as important indicators of renal function since the classical researches of 
Baroroft & Brodie [1904, 1905] and Barcroft & Straub [1910]. An in- 
crease in oxygen consumption was found to accompany diuresis due to 
urea or sulphate, but no increase occurred during Ringer diuresis. This 
has been adduced as important evidence distinguishing between the 
former tubular type of diuresis and the latter mechanical or glomerular 
type. Some later workers appear on the whole to confirm these obser- 
vations, e.g. Gremels [1929] on the heart-lung-kidney preparation and 
Glaser, Laszlo & Schiirmeyer [1932] on anaesthetized dogs, though the 
latter report a fourfold increase in oxygen consumption during Ringer 
diuresis compared with a small and doubtful increase during sulphate 
diuresis. Other workers have found essentially the opposite relation to 
that described by Barcroft and his colleagues, e.g. Hayman & Schmidt 
[1928] and Fee [1929] who found no increase in oxygen consumption 
during sulphate diuresis unless accompanied by an increase in blood 
flow, the latter finding, on the other hand, a rise in oxygen consumption 
with rise in arterial pressure. Van Slyke, Rhoads, Hiller & Alving [1934] 
discovered no essential relation between urea diuresis and the oxygen 
consumption of the kidney in conscious dogs. The two current views of 
the significance of changes in oxygen consumption in distinguishing 
between glomerular and tubular types of diuresis may be contrasted in 
the quotations “The oxygen consumption of the kidney increases in 
proportion to the blood flow, but is not related to the urine flow” [Smith, 
1987], and “‘Certain measures such as injection of saline or the elevation 
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of blood pressure cause profuse diuresis but little or no increase in oxygen 
consumption. This is further evidence that physical processes are con- 
cerned, rather than secretion; the latter, of course, would entail oxidation — 
processes and the expenditure of energy” [Best & Taylor, 1937]. 

_ The recent introduction of an accurate and convenient photoelectric 
method of determining the oxygen content of flowing blood [Kramer, 
1935] seems to us to justify a re-examination of the conflicting evidence 
mentioned above. This method can be adapted to give a continuous 
record of the arteriovenous oxygen difference, and this, together with a 
continuous record of the blood flow, provides a technique which meets 
the criticisms of the Barcroft & Brodie technique raised by Hayman 
& Schmidt [1928]. | 

Previous observations on the oxygen consumption of the isolated 
kidney, initiated by Bainbridge & Evans [1914], were made in detail by 
Fee & Hemingway [1928], who subtracted the oxygen consumption of a 
heart-lung preparation from that of the heart-lung-kidney preparation, 
obtaining that of the kidney as a small difference between two relatively 
large quantities. In its application to the influence of changes in arterial 
pressure, this method depended on the assumption that the oxygen | 
usage of the heart would be exactly the same at two different pressures 
if its diastolic volume were kept constant by appropriate adjustment of 
the inflow to the heart. The recent observations of Kiese & Garan [1937] 
have raised doubts about the validity of this assumption, nevertheless, 
as will be seen, we have been able to confirm the conclusion of Fee & 
Hemingway that increase in arterial pressure increases the oxygen con- 
sumption of the kidney. Sulphate was employed as a diuretic by Fee & 
Hemingway since urea increases the efficiency of the heart; we employed 
urea in our experiments in preference to sulphate because sulphate 
— the light absorption of blood. 


The ialiteal -kidney preparation and apparatus were as used by 
Bickford & Winton [1937], with two differences. First, the oxygen unit 
was included as described below, and secondly, owing to the difficulty 
experienced in keeping the oxygen saturation of the defibrinated arterial — 
blood up to within a normal range, the blood flow through the lung was 
augmented by a second Dale-Schuster pump which transferred blood 
from the reservoir in which blood leaving the pulmonary veins collected 
to the pulmonary arterial cannula. Doubling the pulmonary blood flow 
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in this way brought it to about 800 c.c./min. passing through lungs isolated 
from 12-16 kg. dogs, and raised the arterial saturation with a single 
kidney in the circuit from about 80 to over 90 %. Even before the kidney 
was put on to the perfusion circuit, however, the blood (about 1 1.) failed 
to approach complete saturation when the lung was ventilated with air 
by positive pressure from an “Ideal” pump; and to ensure the complete 
saturation necessary for immediate calibration of the oxygen unit, 
temporary ventilation with a 95 % oxygen-5 % carbon dioxide mixture 


\ 


JI 


Fig. 1. Diagram of unit for measuring the oxygen content of flowing blood, and of the 
circuit for recording the galvanometer deflexions on the smoked drum. Lamp (LZ) 
illuminates photocell (PC 1) through the film of blood. The resulting current deflects 
galvanometers G, and @,, affecting a second photocell (PC 2) attached to the grid 
of a triode operating the milliammeter which records on a smoked drum. 


was arranged. Ventilation with oxygen throughout an experiment was 
impracticable with the colorimetric estimation, as the amount of oxygen 
in physical solution in the blood then became large and indeterminate. 
Ventilation with air, containing 5% carbon dioxide, was, therefore, 
employed during the latter stages of the experiment. 

The oxygen unit (Fig. 1) was a modification of the “sauerstoffuhr” 
previously described by one of us [Kramer, 1935].. Its operation depends 
onthe fact that reduced haemoglobin absorbs more red light than oxyhae- 
moglobin, the percentage oxygen saturation in blood being a logarithmic 
function of the transmitted light. In the unit, blood flowed along a glass 
tube of which a portion 30x11 mm. had been flattened, the blood 
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forming a film about 1-2 mm. thick, The most uniformly. thick and 
parallel-sided portion of this film was exposed through a mask 16 x 5 mm. 
to light from a 6 V. flashlamp bulb (Z) run at red heat by applying only 
3 V. The light transmitted through the film of blood impinged on a 
rectifier type of photocell (PC1) (selenium oxide) which has its maximum 
sensitivity at the red end of the spectrum. No colour filter was employed. 
The cell was connected to a relatively insensitive mirror galvanometer 
(@,) (1000 Q. Cambridge “Pot”). The unit, made of ebonite and brass 


8 


\ 
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Oxygen content of blood (cc. 0, per 100 cc. blood) 


“100 120 140 160 180 200 240 280 320 360 400 
Galvanometer (@ 1) scale reading (mm.) 


Fig. 2. --©-- Tube I, van Slyke estimations by 
J. R. Pappenheimer. —e— Tube II, estimations by Dr T. Gostev. The film of blood 
was thinner in tube IT than in tube I. 


so as to exclude adventitious light, can be used in bright daylight, and 
has overall dimensions of 34 mm. in the direction of blood flow, 44 mm. 
in the direction of the beam of light, and 29 mm. across. With an arrange- 
ment of six T-pieces, either the arterial blood going to the kidney, or the 
venous blood coming from the kidney, could be transmitted through the 
unit in the same direction by transferring three clamps from one to 
another of a set of rubber tubes. 

Calibration of the instrument was performed by drawing samples of 
blood from the rubber tubes at the same time as the corresponding 
galvanometer reading was taken. The oxygen in the samples was 
estimated by van Slyke’s method or by the colorimetric method [Kramer, 
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1935). Fig. 2 shows the result of two such calibrations; the logarithm of 
the galvanometer deflexion from the unit is accurately a linear function 
__ of the oxygen content of the blood as estimated by the van Slyke method. | 
The accuracy of the method, especially in the range of high oxygen 
_ content which is relevant to these experiments, appears to be at least as 
high as that of the van Slyke method. With a galvanometer deflexion of | 
340 mm. corresponding with saturated blood, a difference of 1 c.c. 0,/ 
100 c.c, blood produces about a 50 mm. deflexion in the arterial range, 
and since self-consistent results can easily be obtained within 1 mm., 
differences of 0-02 c.c. 0,/100 c.c. blood can be detected. Changing the 
velocity of blood flowing through the unit has no detectable effect on the 
galvanometer deflexions within the range of blood flow relevant to renal 
perfusion. Complete arrest of flow, however, reduces the deflexion by 
about 5 mm., and this effect can be seen in Figs. 3 and 4 whenever a 
change of the unit from arterial to venous blood or back involved momen- 
tarily clamping the tubes and stopping the flow through the unit. 

‘The effect of differences in the haemoglobin content of different 
bloods is to produce different calibration curves, which if plotted log- 
arithmically as in Fig. 2 are parallel. Since the slope of the calibration 
curve of the unit is known, and it is unaffected by changes in the in- 
tensity of the light or by changes in galvanometer sensitivity, one or 
two estimations of oxygen in blood samples by the van Slyke method 
sufficed to determine the particular calibration curve for the given blood. | 
The effective duration of a perfusion experiment was normally set by the 
period during which variations in the haemoglobin content of the blood 
was negligible, as indicated by measurement of oxygen capacity, or in 
some cases by haematocrit determinations. If, however, changes in the 
concentration of the blood did occur, these only introduced errors into the © 
measurement of the absolute oxygen content of the blood, but not into 
the determination of the arterio-venous oxygen difference with which 
we were mainly concerned, since such changes in the blood do not affect 
the slope of the calibration curve. 

Records were taken on the smoked drum, as shown in Figs. 3 and 8, 
of blood flow and urine conductivity [Winton, 1936a] and of urine flow 
[Winton, 1936]. In Figs. 4 and 6 the blood flow was recorded by 
Gaddum’s [1929] method. The oxygen content of the blood was recorded 
by the following methods (Fig. 1). A second galvanometer (G2) of the 
same type was connected in series with the galvanometer giving scale 
readings from the oxygen unit. This second galvanometer, together with 
the light illuminating it (6 V. 24 W. headlamp heated by a large car 
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battery) and a gas-filled type photocell (PC 2) (G.E.C. CMG 8), were placed 
in a light-tight box about 2 ft. long. Light from the filament of the head- 
lamp was reflected from the galvanometer mirror and focused on to the 
cell, so that deflexion of the galvanometer increased or decreased the 
length of the image of the filament impinging on the light-sensitive 
surface. The photocell, in series with 5MQ., was polarized with 105 V. from 
a dry battery, the voltage of which remained steady, in spite of variations 
of resistance of the photocell, if a loading resistance of 0-5 or 1MQ. was 
placed across it. The connexion of the cell to the P.X. 4 valve is shown in 
Fig. 1, and the anode current, supplied from accumulators, passed through 
the milliammeter (modified Weston relay) recording on the drum [ Winton, 
1936a]. With a suitable filament in the headlamp, the relation between 
galvanometer input and anode current of the valve was about as 
accurately linear as can be seen on ordinary graph paper. The photocell 
could be moved from outside the box, and the second galvanometer 
was provided with a variable shunt, so that the pointer on the drum 
could be arranged to score only the relevant portion of the total 
oxygen scale, giving larger deflexions for the relatively small arterio- 
venous oxygen difference than would have been possible with an 
arrangement insensitive enough to cover the whole range of oxygen 
content. 

RESULTS 


The effects of change of arterial pressure 

Two sets of effects of pressure changes on the kidney may be dis- 
tinguished: (1) transient effects which are prominent within a few 
seconds of changing the pressure, (2) relatively permanent effects fol- 
lowing immediately after the transient effects. 

The transient effects of a rise in arterial pressure which are shown in 
Fig. 3 are an immediate rise in the oxygen content of the venous blood 
accompanied by an overshoot of the increase in the inflow of blood. There 
is no question that these effects aré genuine properties of the kidney, 
that they are of considerable magnitude, and that the corresponding 
opposite changes occur after a fall in arterial pressure. Since our re- 
cording instruments have not been calibrated under rapidly changing 
conditions we can, however, for the moment, only describe the pheno- 
mena qualitatively. The increase in urine flow occurs within the period 
of a drop and may be regarded as immediate in contrast with the 
delayed diuresis due to urea described below. The overshoot in blood 
flow and the associated diminution in arterio-venous oxygen difference 
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have never failed to follow a rise in arterial pressure in a great number of 
observations, though they differ in the degree to which they are mani- 
fested in different kidneys, Fig. 3 representing a kidney in which the 
effects are prominent, and Fig. 4 representing one in which they are not 
prominent. The outflow recorder illustrated in Fig. 4 was not suitable 
for showing short-lived changes in blood flow. : 


Fig. 3. Record of the effects of a change in arterial pressure on the oxygen content of blood 
in the renal artery and vein, on the blood flow through the isolated kidney and on the 
urine flow. The large rises in the “oxygen’’ tracing, lasting over a minute, are due to 
switching the oxygen unit over from the venous to the arterial blood. Note the 
increase in arterio-venous oxygen difference with rise in pressure, preceded by a 
transient fall in the difference, and the reversibility of these phenomena. 

The relatively permanent effects of changes in arterial pressure are 
recorded in Fig. 4. The arterio-venous oxygen difference, which remains 
practically constant during the series of increases in arterial pressure, 
falls slightly during the series of decreases. The changes in blood flow are 
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much smaller than would have been produced by corresponding changes 
in arterial pressure in other organs as already described [Winton, 1932, 
1937]. The increase in oxygen consumption with arterial pressure, thus 
shown, is characteristic of the kidney and has never failed to appear in 


Fig. 4. Record of the effects of changes in arterial pressure between 80 and 190 mm. Hg 
on the oxygen content of renal arterial and venous blood, and on the urine and blood 
flows from the isolated kidney. The temporary rise in the oxygen curve in the middle 
of each period at a different pressure level represents the change from venous to 
arterial blood. Note (1) the relative constancy of the arterio-venous oxygen difference, 


(2) the characteristically small change in blood flow with large changes in arterial 
pressure. 


any of about eighty observations on eight kidneys. Its order of magni- 
tude, and its reversibility are illustrated in Fig. 5, which also shows the _ 
associated changes in the amount and composition of the urine secreted, 
and, as a contrast, the consequence of two doses of urea. 
The rise in oxygen consumption with rise in arterial pressure is a 
_ peculiar property of the kidney; there is no corresponding relation in 
the hindlimb perfused under exactly the same conditions. This might 
suggest that the rise in oxygen consumption in the kidney is due to the 
increased urine formation at higher pressures. But this, it seems, is not 
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1-25- 


Arterial pressure 
(mm. Hg) 
20 40 0 80 100 120 140 160 
Minutes 
Fig. 5. Observations on # pump-lung-kidney preparation showing the contrast in the 


effects of rises in arterial pressure and of urea on (from below upwards) the blood flow, 
arterio-venous oxygen difference, oxygen consumption, urine flow, chloride con- 
centration in the urine, and the creatinine urine/plasma concentration ratio. Abscissa 
represents time after the beginning of perfusion of the kidney. 
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so, for the effect is quite as well marked in kidneys which for various 
reasons, e.g. after transference to the perfusion circuit, are secreting no 
urine as in kidneys which are secreting freely. 

The arterio-venous oxygen difference in the kidney is usually re- 
markably constant within the physiological range of arterial pressure, as 
illustrated in Fig. 4, and differs strikingly in this respect from that in 


Fig. 6. Record of the effects of changes in arterial pressure on the isolated kidney, showing 
in contrast with Fig. 4 that below about 60-80 mm. Hg the changes in arterio-venous 


they are at higher levels of pressure. 


the hindlimb in which an increase in pressure always decreases the arterio- 
venous oxygen difference whether the limb be resting or active. If the 
_arterio-venous oxygen difference in the kidney varies with arterial 
pressure it is almost always in the sense opposite to that in the hindlimb, 
Fig. 4 representing a typical kidney in which there is a barely detectable 
reduction in arterio-venous oxygen difference with fall in pressure but 
no change during the rise in pressure, and Fig. 3 illustrating a par- 


ticularly sensitive kidney in which the reversible increase in arterio- 


venous oxygen difference with increase in arterial pressure is well marked. 
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The relative constancy of the arterio-venous oxygen difference in the 
kidney breaks down, however, if the arterial pressure be lowered too far, 
as illustrated in Fig. 6. When the arterial pressure is lowered in steps the 


of kidney (¢.c./min.) 


Arterio-venous oxygen difference 
| (c.c. 02/100 ¢.c. blood) 
2-0) 
165 


50- (c.c./min.) 

254 


0-+-200- / 
Arterial pressure | 
(mm. 
0 20 50 70 


Minutes 


Fig. 7. Observations on a pump-lung-kidney preparation showing the contrasts in the 
effects of changes in arterial pressure above and below a critical value of about 
70 mm. Hg on the blood flow, the arterio-venous oxygen difference, and the oxygen 


consumption of the kidney. : 


arterio-venous oxygen difference remains about constant down to 80 mm. 

or even to 60 mm. as in Fig. 7, but below this the kidney resembles a 

limb in that the arterio-venous oxygen difference rises with fall in 

arterial pressure. The contrast between the small changes in the blood 
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flow due to change in pressure at normal pressures, and the much larger 
corresponding changes in flow at arterial pressures below about 70 mm. 
Hg are well seen by comparing Figs. 4 and 6, and again in the data 
charted in Fig. 7. While the relation of the arterio-venous oxygen 
difference to pressure seems to be essentially different above and below 
a critical pressure of about 70 mm. Hg, the relation of oxygen con- 
sumption to pressure does not seem to be very different as shown in 
Fig. 7, and it may well be that the former difference is a derivative of the 
difference in the relation between blood flow and pressure in the two 
ranges of pressure. 

Many kidneys when transferred from a relatively low to a higher 
arterial pressure show traces of the lower metabolic rate for some time, 
the arterio-venous oxygen difference gradually increasing during the 


persistence of the high pressure. A substantial fall in pressure may show 


the opposite effect, the metabolism gradually declining further after the 
initial changes due to the fall. This effect is seen in exaggerated form if 
after a period of abnormally low pressure, e.g. 20-40 mm., the pressure 
be raised; the arterio-venous oxygen difference at first falls considerably 


below its final value, which it approaches in the course of a few minutes. 


Anaemia of the kidney is, therefore, followed by a slowing of its meta- 
_ bolism rather than by an augmentation such as might have been expected 
if it had incurred an oxygen debt. 


The effects of administration of urea 


If urea in a dose of 5 c.c. of 20 % solution be added to the 1000 c.c. 


of blood in the reservoir of the pump-lung-kidney apparatus, the changes 


that follow can be described (1) as transient changes which are over in 


2-3 min., and (2) as permanent changes which continue for half an hour 
or more. 

The transient changes following administration of urea are illustrated 
in Fig. 8. There is first an approximately simultaneous increase in venous 
oxygen content and in blood flow, accompanied by an inhibition of urine 
flow which is often more striking than in Fig. 8. After half a minute or so, 
both venous oxygen and blood flow begin to fall again, the former falling 
more quickly and reaching its original value just after the onset of 
diuresis. The blood flow also returns to its original value but more slowly. 
_ The oxygen consumption falls transiently, for the reduction in arterio- 


venous oxygen difference is usually greater than the rise in blood flow. __ 


Since, however, a small rise in blood flow persists for 1 or 2 min. after the 
arterio-venous oxygen difference has returned to its original value, the 
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level of oxygen consumption is slightly raised during this period. This 
group of changes can regularly be demonstrated whenever urea be added 
whatever the dose so long as it be sufficient to induce diuresis. Successive 


Oxygen consumption (cc/min) 


Fig. 8. Record showing the transient effects of a dose of urea (about 1 g./l. of blood) on 


the isolated kidney. Note (1) a transient fall in the arterio-venous oxygen difference, 
(2) a rather more prolonged rise in the blood flow, (3) a transient fall in oxygen con- 
sumption, (4) a delay in the onset of diuresis preceded by a small reduction in urine 
flow, (5) reduction in the conductivity of the urine accompanying diuresis. 


additions of urea each produce qualitatively similar effects. Exactly the 
same set of effects are observed if, in a double pump-lung-kidney pre- 


_ paration, the kidney is switched over from a circuit containing blood 


with less urea to one containing blood with more urea, the arterial 
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The relatively permanent effects of urea on the kidney may be seen to 
follow the transient effects in Fig. 8, and are contrasted with the con- 
sequences of changing the arterial pressure in Fig. 5. During this period 
the urea diuresis continues, the characteristic fall in both creatinine and 
_ chloride concentrations contrasting with the fall in creatinine but rise in 
chloride concentrations during pressure diuresis as shown in Fig. 5; 
during the urea diuresis, however, the blood flow and arterio-venous 
oxygen difference, and therefore the oxygen consumption are, within 
the limits of experimental error, the same as before the administration 
of urea, 
_ Owing to the theoretical importance of the observation that no 
detectable change in oxygen consumption accompanies urea diuresis, 
and the interest attaching to this conclusion from the photometric 
method of estimation of the oxygen content, the details of ten observa- 

tions are given in Table I. In the circumstances of these experiments, 


TasiE I, Urea diuresis and oxygen consumption 


Urine Blood 
Urea flow flow consumption 
increase increase increase 
g./l. % % % 
0-5 187 0 0 
0-5 33 + 5 0 
0-5 67 0 0. 
10 - 0 
10 i +4 +2 
10 100 15 -2 
10 92 + 6 -3 
10 194 +2 +2 
2-0 ] +11 +1 
2-0 150 - 3-5 0 
Mean > 10 116 + 1-7 0 
8.B.ofmean — 1-5 0-5 


‘Le. with only small changes in blood flow, we believe that systematic 
changes in the oxygen consumption of about 2 % should be detectable. 
It will be seen from the table that, for a complex biological system like 
the kidney, the change in oxygen consumption is remarkably uniformly — 
near zero although the urine flow is more than doubled. 


Discussion 
The transient changes in blood flow and oxygen consumption im- 
mediately following changes in arterial pressure or administration of 
urea to the kidney require measurement with more quickly responding 
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apparatus and observation on additional variables before an attempt at 
their interpretation can profitably be made. | 

With reference to the more lasting influence of change in arterial 
pressure, there are three peculiarities of the kidney which are mani- 
fested at pressures exceeding a critical value of 60-70 mm. Hg, but dis- 
appear at pressures below this value, so that the kidney resembles other 
organs in respect to them. These peculiarities are (1) the increase in 
oxygen consumption with pressure such that a change in the arterio- 
venous oxygen difference may be barely detectable within the range of 
60-220 mm. Hg, (2) the well-marked increased resistance to blood flow 
with increase in pressure, and (3) the secretion of urine. It would be 
tempting to relate these. three to a single mechanism, but the relation 
cannot be quite a simple one for the first two peculiarities can be observed 
in kidneys which are secreting no urine either because they have only 
just been transferred from the dog to the perfusion circuit, or because 
after many hours of perfusion with no diuretic in the blood the urine 
flow has dried up. It is possible that in these circumstances urine for- 
mation has not ceased although no urine emerges from the ureter, but 
that the urine leaks back into the venules as previously suggested for 

quite other reasons [Winton, 1934]. 

An hypothesis that the relative constancy of the arterio-venous oxygen 
difference within the physiological range of arterial pressure implies that 
increase in pressure increases the proportion of vascular channels patent 
in the kidney without augmenting the blood flow through the individual 
channels, is rendered unattractive (1) by the considerable increase in 
resistance to blood flow through the kidney which is produced by the 
increase in pressure, (2) by the accurately reversible nature of these 
effects seen when the arterial pressure is correspondingly diminished, 
and (3) by the difficulty such an hypothesis would encounter in explaining 
even the small increase in arterio-venous oxygen difference which 
occasionally accompanies a rise in arterial pressure (Fig. 3). 

The problem whether the rise in metabolic rate with rise in arterial 
pressure is more directly concerned with the change in pressure or with 
_ the accompanying change in blood flow has not been solved; our only 
observations bearing on it are those showing that during spontaneous 
changes in blood flow, sucn as the gradual increase often occurring during 
the early period of perfusion of a kidney, the oxygen consumption usually 
hardly changes. This is illustrated in Fig. 5. 

The oxygen consumption of the kidney appears to be remarkably 
insensitive to changes in the oxygen content of the arterial blood, for 
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considerable diminution of the oxygen content produced by intermission 
of ventilation of the lungs, or by ventilation with nitrogen produced so 
little change in either the arterio-venous oxygen difference or in the 
blood flow that we could not detect it in preliminary experiments. 


SuMMARY 


1. In view of the conflict of evidence concerning the relation 
between oxygen consumption of the kidney and the various forms of 
diuresis, and in view of the recent development of relatively precise 
means (Figs. 1, 2) of continuous measurement of the oxygen content of 
flowing blood, some factors affecting the oxygen consumption of the 
kidney have been reinvestigated using the pump-lung-kidney preparation — 
in which the blood flow through the organ can also be continuously 
recorded and directly measured. 

2. An increase in arterial pressure produces a transient decrease in 
arterio-venous oxygen difference accompanied by an overshoot in the 
increase of the inflow of blood (Fig. 3); the onset of diuresis is immediate. 
Thereafter the arterio-venous oxygen difference resumes about the same 
value as before the change in pressure, despite the increase in blood flow, 
the oxygen consumption being substantially increased (Figs. 4, 5). 

3. While the arterio-venous oxygen difference is substantially con- 
stant between 70 and 200 mm. Hg, this difference varies with pressure 
at lower arterial pressures, decreasing with increase in pressure (Fig. 6) 
as it does over the whole range of pressures in other organs such as the 
hind limb. Even at these lower pressures, however, the oxygen consump- 
tion increases with increase in pressure (Fig. 7). 

4. An increase in the urea content of the perfusion fluid produces 
(Fig. 8) a transient reduction in arterio-venous oxygen difference, pro- 
portionately greater than an accompanying increase in blood flow; 
during this period there is an inhibition of urine flow. The arterio-venous 
oxygen difference returns accurately to its former value just after the 
onset of diuresis; the blood flow also returns accurately to its former 
value a minute or two later. The changes in oxygen consumption are, 
therefore, first a reduction, then an increase, and finally a return to the 
prediuretic value which remains unchanged throughout the diuresis 
(Fig. 5, Table I). . 

5. The relations of the oxygen consumption of the kidney to the 
blood flow and urine formation are discussed, and it is concluded that 
urine formation and oxygen consumption are not simply related. 


4 
4 
4 
va 
aS 


OXYGEN USAGE AND DIURESIS 103 


REFERENCES 


Bainbridge, F. A. & Evans, C. L. [1914]. J. Physiol. 48, 278. 
Barcroft, J. B. & Brodie, T, G. [1904]. J. Physiol. 32, 18. 
Barcroft, J. B. & Brodie, T. G. [1905]. J. Physiol. 38, 52. 
Barcroft, J. B. & Straub, H. [1910]. J. Physiol. 41, 145. 
Best, C. H. & Taylor, N. B. [1937]. The Physiological Basis of Medical Practice. London: 
| Bailliére, Tindall and Cox. 
Bickford, R. G. & Winton, F. R. [1937]. J. Physiol. 89, 198. 
Fee, A. R. [1929]. J. Physiol. 67, 14. 
Fee, A. R. & Hemingway, A. [1928]. J. Physiol. 65, 100. 
Gaddum, J. H. [1929]. J. Physiol. 67, 16 P. 
Glaser, H., Laszlo, D. & Schiirmeyer, A. [1932]. Arch. exp. Path. <itteaet, 168, 139. 
Gremels, H. [1929]. Arch. exp. Path. Pharmak, 140, 205. 
Hayman, J. M. & Schmidt, C. F. [1928]. Amer. J. Physiol. 83, 502. 
Kiese, M. & Garan, R. 8. [1937]. Klin. Wechr. p. 1219. 
Kramer, K. [1935]. Handb. Biol. Arb. Meth. 5-8, 1085. 
Smith, H. [1937]. The Physiology of the Kidney. N.Y.: Oxford Univ. Press. 
Van Slyke, D. D., Rhoads, C. P., Hiller, A. & Alving, A. 8. [1934]. Amer. J. Physiol. 
109, 336. 
Winton, F. R. [1932]. Trans. XIVth Congresso Internaz. di Fisiol. p. 264. 
Winton, F. R. [1934]. J. Physiol. 83, 38 P. 
Winton, F. R. [19364]. J. Physiol. 87, 65 P. 
Winton, F. R. [19365]. J. Physiol. 87, 20 P. 
Winton, F. R. [1937]. Physiol. Rev. 17, 408. 


2) 
sn 
; 
5 
> 
3 
> 
2 
2 
a 
af 
wl 
“ 
fy 
} 


104 


J. Physiol. (1939) 96, 104-108 612.367:612.891 >612.018.2 


THE EFFECT ON THE INTESTINE OF THE 
SUBSTANCE LIBERATED BY ADRENERGIC 
NERVES IN A RABBIT’S EAR 


By J. H. GADDUM, C. 8, JANG any H. KWIATKOWSKI 
From the College of the Pharmaceutical Society, 
17 Bloomsbury Square, W.C. 1 


(Received 19 April 1939) 


Strmu.ation of the adrenergic nerves to the perfused ear of a rabbit 
liberates a substance giving specific colour reactions characteristic of 
adrenaline and not given by substances such as noradrenaline [Gaddum 
-& Kwiatkowski, 1938]. The study of the pharmacological properties of 
this substance is difficult because it is unstable and because the amount of 
activity is small. The present communication describes experiments 
which show that this substance, like adrenaline, inhibits intestinal muscle. 


METHOD 

A part of the apparatus is shown in Fig. 1, The rabbit’s ear was per- 
fused with Tyrode’s solution equilibrated with 5 % CO, in O,. The rate of 
flow was kept constant by raising the perfusing reservoir to a height of 
2-3 m. and interposing a capillary resistance between it and the ear. The 
effluent flowed through a fine glass tube about 12 cm. long immersed in a 
bath of warm water and then dripped from a flow recorder [Gaddum & 
Kwiatkowski, 1938] on to a piece of hen’s rectal caecum, the length of 
which was recorded isotonically with a magnification of about 15. This 
muscle was chosen because it is particularly sensitive to adrenaline 
[Barsoum & Gaddum, 1935]. The temperature of the bath was 30° C. 
_ {Blaschko & Schlossmann, 1938]. The inhibitory effect of adrenaline was 
observed by injecting 0-1-0-2 c.c. of various dilutions of this substance 
through the side tube. The preparation provides a convenient method of 
detecting small quantities of drugs. It was found to respond to less than 
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1 mpg. of adrenaline. In some experiments the solution contained 
ephedrine (10-7), but this low concentration did not appear to affect bas 
result. Higher concentrations inhibited the intestine directly. 


Fig. 1. 
REsvULTS 


Fig. 2 shows the inhibition of the intestine due to stimulation of the 
nerves to the ear. When Locke’s solution was used instead of Tyrode’s 
there was usually no effect. Since the concentration of KCl in Locke’s 
solution (0-042 %) is higher than that in Tyrode’s solution (0-02 %) a 
study was made of the effect of altering the concentration of this sub- 
stance. In the experiment shown in Fig. 2, the Tyrode’s solution was 
changed for a solution identical with Tyrode’s solution except for the 
absence of KCl. This caused a temporary increase of the effect of nervous 
stimulation. Prolonged perfusion with this solution caused complete 
relaxation of the muscle and diminution of the effect. When Tyrode’s 
solution was used again, the muscle regained its tone, and the effect of 
nervous stimulation was again temporarily increased. Perfusion with a 
solution containing half the normal concentration of KC] (0-01 %) gave a 
persistent increase in the response (Fig. 3), and this concentration was 
found to have the additional advantage that, in its presence, the in- 
testine made less spontaneous movements. 

This effect of KCl was apparently due to alterations in the sensitivity 
of the intestinal muscle, since the response to adrenaline varied in the 
same way as the response to the chemical transmitter. 
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Fig. 2. Hen’s rectal caecum. Tyrode. Times in hours and minutes from start of perfusion. 3 
2-40-4-07 KCl-free Tyrode. Ephedrine 10-* throughout. stimulation of adrenergic 
nerves in rabbit's ear; Adr. injection of 0-2 c.c. of adrenaline. = 


Fig. 3. Similar to Fig. 2, but without ephedrine. KCl, 0-01 %. S, stimulation of 
nerves to ear for 1 min. Condenser (2 uF.) discharged (12 V.) through 1000 Q. 15 times 
per sec. 10,000 Q. in series with platinum electrodes. Adr. 0-1 c.c. adrenaline, 5 x 10-*. 
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In some experiments with Locke’s solution stimulation of the nerves 
caused a contraction of the intestine. This was due to the mechanical 
effect of a slight slowing of the flow, since similar effects could be pro- 
duced by using more direct methods to slow the flow to about the same 
extent. 

The inhibitory affect was not due to changes i in the rate of flow, 

because it was observed in experiments in which the record of the flow 
_ showed that the device used to keep the flow constant was successful. 
In other experiments stimulation was followed by a slight slowing of the 
flow, but the inhibition cannot be attributed to this as which could 
only have produced the opposite effect. 

Similar experiments with rabbit’s intestine were unsuccessful 
probably because this tissue was too insensitive. 


Discussion 


Cannon & Rosenblueth [1937] have shown in experiments with cats 
with normal circulation that a substance (sympathin E) which causes 
excitor, but not inhibitor, effects like those of adrenaline, is liberated into 
the general circulation when certain adrenergic nerves which themselves 
cause excitor effects are stimulated. Such methods do not readily lend 
themselves to a study of the physical and chemical properties of the 
active substance. It was thought possible that experiments with perfused 
rabbit’s ears would provide a method of obtaining a solution of sympathin 
E free from other pharmacologically active substances such as occur in 
blood, and thus lead to new knowledge of its properties. This tissue 
appeared particularly suitable for the purpose, since its sympathetic 
nerves are not known to cause any inhibitor effects. In other animals, 
such as the cat or the dog, the sympathetic nerves contain some vaso- 
dilator fibres and adrenaline itself causes vasodilatation when given in 
small doses or after ergotoxine. The rabbit’s blood vessels, on the other 
hand, are not dilated by the stimulation of sympathetic nerves, even after 
ergotoxine, and adrenaline does not cause a fall of rabbit's blood pressure 
after ergotoxine as it does in the cat and the dog, although it has been 
found to have a dilator action after large doses of ergotamine when a 
rabbit’s ear or head was perfused [Dale, 1906; Rothlin, 1925; Heymans & 
Regniers, 1927]. 

The experiments recorded above thus appear to show that excitor 
nerves may liberate a substance having inhibitor effects, and strengthen 
the evidence given by the specific colour test that this substance is 


adrenaline itself. 
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The evidence concerning the adrenergic nerves in a frog’s heart is 
similar to the evidence concerning the adrenergic nerves in a rabbit's ear. 
Fluids collected from the frog’s heart might be expected to contain 
sympathin E, but have been shown to give specific chemical reactions for 
adrenaline [Loewi, 1936] and to produce inhibitory effects on other tissues 
[Brinkman & van Dam, 1922; Lanz, 1928; Kiilz, 1930]. The conclusion 
has been drawn that sympathin E is only formed in the presence of blood 
and not in the presence of salt solutions, but it is doubtful whether this 
conclusion is justified, since the evidence for sympathin E is based on 
quantitative comparisons of the effects of stimulating nerves, with the 
excitor and inhibitor effects of adrenaline. Similar quantitative com- 
parisons using salt solutions are difficult and have not been made. 


SuMMARY 


1. Stimulation of the sympathetic nerves to a rabbit’s ear perfused 
with T'yrode’s solution causes vasoconstriction and the liberation of a 
substance which inhibits a fowl’s rectal caecum. 

2. The sensitivity of the rectal caecum both to this substance and to 
adrenaline is increased when the concentration of potassium is dimin- 
ished. 
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THE EFFECT OF FORCED BREATHING 
ON THE MOTOR 


By B. DIJKSTRA anv M. N. J. DIRKEN 
From the Physiological Institute R. U., Groningen, Holland 


(Received 12 November 1938) 


THE various papers on the influence of hyperventilation on the chronaxie 
[Bourguignon & Haldane, 1925; Bourguignon, 1931; Blumenfeldt & 
Kohler, 1929; v. Knorre, 1930; Johannes, 1933; Altenburger & Kroll, 
1930a] dealing with experiments nearly exclusively on man, describe 
more or less completely the quantitative and time relations between the 
two without attempting an analysis of the phenomenon. 

Such an attempt, however, seems to be justified not only by the 
importance ascribed to the chronaxie as an index to neuromuscular 
reactivity, but also by the extensive changes which appear to result 
from hyperventilation. We have investigated the conditions essential to 
the occurrence of the effect of forced breathing on the motor chronaxie 
and are reporting our results in the present paper. 


| METHOD 
_ The experiments have been conducted on rabbits in urethane 


narcosis (1 g./kg. body weight). The motor chronaxie was measured 


either at the median nerve trunk or at the motor-point of the group of 
flexors innervated by this nerve (for localization see Banu [1922] and 
Reiners [1936}). 

The chronaximeter used in our experiments was a variable condenser 
instrument of the ordinary type (source of current: City supply, 220 V. 
D.C.; variable condenser, 0-001-1 uF.; fixed condenser, 5 uF.). On its 
way to the animal the stimulating current passed through a resistance of 
8300 Q. and one of 6400 ©., both the latter one and the animal being 
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shunted by a resistance of 90002. All resistances used were without 
capacity and free from self-induction. 


The large indifferent electrode (36 x 38 rin.) 3 was strapped to the - 


abdomen by a rubber band; in the experiments in which percutaneous 
stimulation was used, the smaller “active” cathode (diameter 6 mm.) 
was handled by the observer, who in order to minimize involuntary 
movements rested his forearm on a support fixed to the animal board. 
Both electrodes were of silver-plated copper and were applied to the skin 
which had been carefully depilated and was moistened with saline. In 
these experiments we did not use any kind of non-polarizable electrode, 
as we knew from experience that both in man and in animal the polariza- 
tion at the surface of the electrodes is immaterial to the results of 
percutaneous stimulation. The determination of the rheobase was apt 


to give rather unstable results. This, however, may readily be ascribed | 


to the difficulty experienced in keeping the cathode in exactly the 
required position, as the skin on the foreleg of the rabbit is but loosely 
connected to the underlying muscles. But the rheobase proved also to be 
influenced by the determination of the C, (i.e. threshold capacity for a 
current of double rheobasic strength), the latter being performed starting 
first from the smaller and then from the larger capacities. Stimulating 
afterwards with single rheobasic strength the threshold intensity of the 
current was commonly found to have shifted from the original value. 
As this often occurred more than once it is evident that some time was 
needed in order to get reliable results, although in general a complete 
‘determination could be accomplished in 3-4 min. 

In the experiments undertaken in order to eliminate changes in skin 
impedance either a silver-silver chloride electrode was applied to the 
exposed trunk of the median nerve or a stout chloride-coated silver 
_ thread was pushed into the muscles of the foreleg through a slit in 
the skin. 

- We also tried to determine the accommodation factor of Hill [1936] 
but found this to be impracticable in rabbits by the constant appearance 
of galvanotonic contractions on stimulation with the strength of current 
needed. Sometimes these contractions even occurred on application of 
much lower voltages. 

A most efficient way to hyperventilate narcotized rabbits proved to 
be the method described by Waud [1937] consisting of rhythmical 
stimulation of the phrenic nerves. On either side of the neck the nerve 
was freed from the underlying tissue over a distance of about 1-5 cm. 
and was laid on the electrode, which consisted of two fine platinum 
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wires running across the inner wall of a small piece of rubber tube, 
the intact nerve mang introduced through a longitudinal slit in the 


tubing. 


As shown in Fig. 1 each phrenic nerve had its own stimulating circuit, 
the current being supplied by a transformer (a, a), its intensity and there- 


by the depth of the breathing being — 
regulated by a potentiometer (b, 5). 
A motor-driven mercury interruptor 
(c) was introduced in the primary 
circuit common to both transformers, 


and by its means it was possible to | 


speed up the rate of breathing if 
desired up to 100 per min. 

In all experiments the efficiency of 
the forced respiration was indirectly 


estimated by noting the duration of 


the resulting apnoea, but in a couple 
of cases the shift of the pH of the 
arterial blood during the hyperventila- 
tion has also been measured using glass 
electrodes and taking blood samples 
from the femoral artery at short 
intervals. 

As is clearly shown by the data 
given ini Table I, the method of forced 


inspiration adopted by us was quite © 


efficient. 

In each case the strength of the 
stimulus to the phrenic nerve was 
selected to produce a just about maxi- 
mal contraction of the diaphragm. 
The first two rabbits (VI and VII) 
breathed through the normal air- 
paths, but as some trouble was ex- 
perienced with the next animal (VIII), 


220 V. 
50 ~ 


Phren. dext. Phren. sin. 


Fig. 1. Stimulating circuit for 
artificial 


presumably caused by the soft tissues of the larynx being sucked in ite 
the forced inspiration, in ll following experiments the upper part of the 
air-way was eliminated either by tracheal cannula or by intubation. 
With this precaution one can always get a greatly increased ventilation 


of the 
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normal pH forced pH 

| breathing arterial breathing arterial Apnoea 
VI 35 50 20 
VII 34 7-45 38 7-60 35 | 
VII 7-45 — 7-57 15 
VII 7-41 7:57 25 

Vill 38 72 
IX 33 7-40 56 7-61 30 
x 42 56 34 
xI 36 — 83 ~ 25 
47 67 20 
RESULTS. 
(a) The effect of hyperventilation on the motor chronasie ; 


The shift of the chronaxie determined by percutaneous stimulation 
at the motor-point of the toe flexors yf 
of the foreleg (r m.p.) which results 
from forced breathing has been studied 
in about twenty rabbits. | \ 

‘In some experiments part of the : 
electric current to the phrenic nerves 
must in some way or other have 
reached the adjacent brachial plexus 

as rhythmical contractions occurred in 
the muscles of the leg. But although 
in these cases it was impracticable to 
measure the chronaxie during the 
hyperventilation proper, these experi- 
ments were not useless, as the full 
effect of the forced breathing on the 
chronaxie persists for some time after : 
the cessation of the hyperventilation. 

An example of the effect produced 
is given in Fig. 2, while the greater 
part of our experimental results on | we 
this subject has been summarized in eee 
Table II. | Minutes 

It is obvious from these data that *':2. Effect of hyperventilation on the 


otor chrona Forced brea 
the forced ventilation of the lungs to b. 


must have been fairly efficient, the mean duration of the apnoea being 
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II 


7 m.p. before 


“ton "ton 


Apnoea 
Vil 10 39 175 
Vit 10 ao 0-03 0-10 233 
Ix 10 29 0-08 0-16 100 
x 10 65 0-04 0-14 250 
XI (left 10 56 0-03 0-12 300 
Xi {right side) 10 46 0-04 0-13 225 
— 0-06 0-13 117 
XII 8 22 0-05 0-14 180 
XII 6 20 0-16 100 
XIII 11 61 0-11 0-20 82 
XIV 12-5 30 0-11 0-22 100 
0-14 367 
XVI 10 15 0-13 0-22 69 
XVI 10 17 0-13 0-21 62 
XVII 10 20 0-05 0-12 140 
Xv 10 20 0-05 0-14 180 
XV 10 18 0-06 0-13 117 


32 sec. (15-65 sec.). As it is not permissible for reasons mentioned above 
to attach any importance to the values found for the rheobasic intensity 
of the stimulus these are omitted from this as from the other tables in 
_ the present paper. The motor chronaxie, whose resting value shows 
marked individual variations, rises in all cases after the onset of the 
forced respiration, the mean increase being 180% of the original value. 

The time taken to attain the maximum varied in different animals 
and also in different experiments on the same animal, but a period of 
10 min. proved to be adequate as no further rise ever resulted from pro- 
longed hyperventilation. At the end of the period of forced respiration 
the effect on the chronaxie persists for a couple of minutes (Fig. 2), after 
which it slowly disappears, the chronaxie returning to its resting value in 
about 7 min. We are unable to decide the question of the existence of a 
connexion between the intensity of the hyperventilation as estimated by 
the duration of the resulting apnoea and the height to which the chronaxie 
rises, The relation between the two varies within wide limits in the various 
animals and data on the same animal are too few in number to warrant 
any conclusion on this point. 

The observations on the motor-point of the flexors have been sup- 
plemented by some on the trunk of the median nerve (7), also by 
percutaneous stimulation. The results of these experiments, given in 
Table III, are sensibly the same as those of the previous series and we 
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contented ourselves, therefore, in subsequent experiments with deter- 
minations at the motor-point only. : 


Tastez III 


Rabbit min. sec. pF. % increase 
XII 18 15 0-03 0-10 233 
XII 18 25 0-03 0-10 233 
XIV 10 30° 002 0-05 150 
XV 10 30 0-03 0:10 233 


Summarizing the results of the above observations we may conclude 
that, as has already been found in man, the motor chronaxie of rabbits 
is strongly influenced by hyperventilation and shows a, very distinct rise 
which persists for some minutes after the cessation of the forced 
respiration. 


(b) The effect of hyperventilation on the motor chronaxie after section 

of thenerve 

In sharp contrast to the rise which is a constant phenomenon under 
normal conditions, the motor chronaxie of the flexors remains com- 
pletely uninfluenced by forced respiration after the section of the 
median nerve central to the point of stimulation as is demonstrated by — 
the examples'given in Table IV. 


IV 
+ m.p. before 7 m.p. during 
ton 
on tion 
XII ll 20 0 
XII 13 20 - 0-10 0-09-0-10 
XIII 10 45 0-11 0-09-011 


These results clearly show that the change in electric reactivity is 
under nervous control and is not caused by a change in the composition 
of the blood resulting from the forced breathing. 


(c) Sympathectomy and the effect of forced breathing on the: 
motor chronaxie 
The results of nerve section raise the question whether the origin of 
the hyperventilation effect is to be sought in the spinal or in the auto- 
nomic nervous system. In order to decide this a series of experiments was 
undertaken in which the change of the chronaxie after forced breathing 
was studied on the same animal before and after stellectomy. 
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After comparing the reaction of the chronaxie to forced breathing at 
the motor-points of both forelegs the sympathetic trunk was removed 
on one side of the neck with inclusion of the stellate ganglion. After a 
couple of hours a second hyperventilation experiment was conducted in 
which the reaction on the operated side was compared with the un- 
operated side.. The successful operation was not only evident from the 
resulting dilatation of the blood vessels of the leg but was verified every 
time after the death of the animal. 


TABLE V | 
“Right side (intact) Left side (sympathectomized) 
T m.p. Tm p. 
Hyper hyper- Hyper yper 
venti Tm.p.  venti- venti 7 m.p 
lation Apnoea rest lation lation Apnoea rest lation 
Rabbit sec pF. pF min. sec. pF pF 


The meaning of the results of these experiments, some of which are 
reproduced in Table V, is quite evident. On the unoperated side the 
forced breathing produced the usual rise of the motor chronaxie. In 
the muscles of the other side, however, whose sympathetic innervation 
was destroyed, not a trace of the effect could be detected. Therefore the 
sympathetic innervation must be responsible for the rise of the chronaxie 


during hyperventilation. 


 (@) Influence of the skin and underlying tissues 
Dr W. A. H. Rushton suggested to us that possibly the sympathetic 


fibres might be responsible for a change in skin impedance and thereby _ 


cause an apparent change in chronaxie. To decide this point we measured 


the chronaxie at the exposed trunk of the median nerve before and after — 


a period of hyperventilation and complemented these observations with 

subcutaneous determination at the foreleg, the ——— electrode 
being pushed into the muscle tissue. 

The results summarized in Table VI do not “bv any doubt. The rise 

of the chronaxie, which is a constant phenomenon with percutaneous 

stimulation, fails to appear both at the nerve trunk and at the muscle 

after removal of the skin and its underlying tissues. 


6. 7 O89 C8 10. 17... 
XVII 10 2% 005 O14 10 2 004 003-005 
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Tasie VI 
. Exposed nerve trunk Exposed muscles 
Hy T hyper- Hyper- Tr hyper- 
ig venti- venti- venti- 
lation Apnoea rest lation lation Apnoea r rest lation 
min. sec, pF. pF. min. sec. pF. pF. 
10 17 0-03 0-04 10 27 0-03 0-04 — 
10 31 0-05 0-05 10 24 0-02 001 | 
10 28 0-05 0-05 — 
10 22 0-05 0-06 10 - 24 0-04 0-04 
10 18 0-05 0-05 10 26 0-04 0-05 
Discussion 


The results of the experiments cited above show that the rise of the 
chronaxie resulting from hyperventilation, first described by Bourguignon 


and Haldane, must be ascribed to a change in skin impedance, the 


physiological factors responsible for this change being under the influence 


of the autonomic nervous system. This example of the preponderating — 


influence which the condition of the skin and the underlying tissues may 
- exert compels caution in judging the results of chronaxie measurements 
by percutaneous stimulation, As many authors who have expressed the 


opinion that the neuromuscular excitability is influenced by the 
sympathetic system [Achelis, 1928, 1930, b, 1931; Foerster, Altenburger — 


& Kroll, 1929; Altenburger & Kroll, 1930.4, b, 1931; v. Briicke, 1932] only 
made experiments on man and therefore only used percutaneous stimula- 
tion, their results have to be accepted with reserve. 

Among these publications one of Altenburger & Kroll [1931] is of 
special interest. In a couple of patients, in which for therapeutical 
reasons the sympathetic trunk of the neck was unilaterally removed, 
these investigators found the effect of hyperventilation both on the 
motor and on the sensation chronaxie not only to be abolished but even 
to be reversed in as much as forced breathing caused a diminution of the 
chronaxie on the operated, and a rise on the unoperated side. Although 
we never observed a reversal of the effect of hyperventilation even 
when some 10 days had elapsed after the sympathectomy, our experi- 
ments confirm the results of these authors that the rise of the chronaxie 
_ depends upon the integrity of the sympathetic innervation. 

Furthermore, it transpires from our experiments that the autonomic 
nervous system is readily influenced by hyperventilation and that the 


bodily changes resulting from this procedure are certainly not — | 


to changes in the composition of the blood. 
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SuMMARY 


Forced breathing produces in rabbits an increase of the motor 
chronaxie measured percutaneously both at the motor-point of the 
flexors and at the trunk of the median nerve. 

This rise of chronaxie fails to appear after section of the median nerve 
and also after destruction of the sympathetic innervation. 

Since the chronaxie remains uninfluenced by hyperventilation when 
measured at the exposed nerve trunk or the exposed muscles, it is 
concluded that forced breathing produces only an apparent change in 
chronaxie resulting from a changed impedance of the skin and the — 
underlying tissues. 


The skin impedance i is controlled by the autonomic nervous system 
which in its turn is affected by the hyperventilation. 


REFERENCES 


Achelis, J. D. [1928]. Pfliig. Arch. ges. Physiol. 219, 411. 

Achelis, J. D, [1930 a]. Pfliig. Arch. ges. Physiol. 224, 217. 

Achelis, J. D. [1930 5]. Pfliig. Arch. ges. Physiol, 226, 212. 

. Achelis, J. D. [1931]. Z. ges. Neurol. Psychiat. 60, 536. 

Altenburger, H. & Kroll, [1930 a]. Z. ges. Neurol. Psychiat. 123, 733. 

Altenburger, H. & Kroll, F. [1930 6]. Z. ges. Neurol. Psychiat. 124, 527. 

Altenburger, H. & Kroll, F. [1931]. Z. ges. Neurol. Psychiat. 135, 501. : 

Banu, G. [1922]. Dissertation. Faculté des Sciences. Recherches physiologiques sur le 
développement neuromusculaire chez Vhomme et l’animal. Imprimerie de la cour 
d’appel. Paris. 

Blumenfeldt, E. & Kohler, H. (1929). Z. klin. Med. 11, 250. 

Bourguignon, G. [1931]. C.R. Soc. Biol., Paris, 107, 975. 

Bourguignon, G. & Haldane, J. B. S. [1925]. C.R. Acad. Seci., Paris, 180, 321. 

Briicke, E. Th. v. [1932]. Ergebn. Physiol. 34, 220. 

Foerster, A., Altenburger, H. & Kroll, F. [1929]. Z. ges. Neurol. Psychiat. 121, 581. 

Hill, A. V. [1936]. Proc. Roy. Soc. B, 119, 303. 

Johannes, Th. [1933]. Dtsch. Arch. klin. Med. 174, 83. 

Knorre, H. v. [1930]. Dtsch. Arch. klin. Med. 168, 1. 

Reiners, H. [1936]. Klin. Wachr. 15, 199. 

Waud, R, A. [1937]. Nature, Lond., 140, 849. 


a 
“4 
‘4 
‘ 
é An 
v2 
a 
VS 
a 
~ 
he: 
\y 
Ag 
A 


J. Physiol. (1939) 96, 118-129 | 612.893:612.822.3 


THE ORIGIN AND NATURE OF GANGLION 
AFTER-POTENTIALS 


By D. P. C. LLOYD 


From the Laboratory of Physiology, Oxford, and the Department of 
Medical Research, Banting Institute, University of Toronto, Toronto 


(Received 2 December 1938) 


In a previous paper [Lloyd, 1937] it was shown that a complex action 
potential may be recorded from the inferior mesenteric ganglion when 
leads are placed on the ganglion and the postganglionic trunk. This 
potential resembles in general that recorded from the superior cervical 
ganglion [Eccles, 1935a, 6], and may be analysed in a similar manner into 
its components: the spike potentials, the negative after-potential and the 
positive after-potential. The decision to refer to the slow potential waves | 
of ganglion as ganglion after-potentials is based on the trend of current 
usage, which seems to be entirely justified since in no essentials do they 
differ from after-potentials recorded from other nervous structures. 

The present paper deals largely with ganglion after-potentials as they 
appear in the inferior mesenteric ganglia. This choice of ganglion has 
the advantage of eliminating possible differences in the after-potentials 
following preganglionic and antidromic volleys, due to the presence of 
subliminal fringe. An attempt is made to clarify the origin and nature of 
these potentials. 

A preliminary account of some of these results has been presented to 
the Canadian Physiological Society [Lloyd, 1938a]. 


Cats have been used in all the present experiments. These were either 
decerebrated under deep ether anaesthesia or anaesthetized with 
nembutal, and not allowed to recover following experimentation. In 
some of the experiments involving degeneration of preganglionic fibres, 
the superior cervical ganglion was used because of the ease and surety of 
total preganglionic section. These degeneration experiments were all 


118 
“inl 
4 
é 
x 
& 
Ps 
fi 
is 
va 
“34 
o's 


GANGLION AFTER-POTENTIALS 119 


done in Toronto, the cervical sympathetic or both sympathetic and vagus 
nerves being crushed or cut low in the neck with aseptic precautions and 
under ether anaesthesia. Records from the superior cervical ganglia were 
obtained 5-22 days following preganglionic section. 

The amplifiers and recording systems have been the same as used in 
previous experiments [Lloyd, 1937, 19386, 1939a]. The coupling con- 
densers and grid resisters of the amplifier are of large enough value 
(6 x 1) to give reasonably faithful records of the after-potentials. 


Fig. 1. Diagram of the inferior mesenteric ganglion to show conditions under which ganglion 
after-potentials are recorded following preganglionic and antidromic volleys. I.S.N. 
inferior splanchnic nerve; Hyp.N. hypogastric nerve; J.M.G. inferior mesenteric 

' ganglion; HZ. and @. earth and grid amplifier input leads; P. preganglionic stimulating 
_ @lectrodes; A. antidromic stimulating electrodes. The hatched area indicates the 
extent of attachment of the ganglion to the animal. The blood supply to the ganglion _ 
_is maintained intact. | 


Fig. 1 shows the position of the stimulating electrodes and recording 
leads with respect to the ganglion. The postganglionic hypogastric nerve 
and distal pole of the ganglion have been isolated up to the position of the 
ganglionic lead (@). A short stretch of the preganglionic nerve has been 
isolated for the placement of the stimulating electrodes (P). In all 
experiments, the animal was earthed via the earth lead, and not separ- 
ately. 

RESULTS 

Fig. 2, lisieiahioh 1, shows the action sieiiial set up by a single 
maximal antidromic volley applied to the hypogastric nerve, with one — 
lead on the inferior mesenteric ganglion, the other being on the post- 
ganglionic trunk as in Fig. 1. Fig. 2, observation 2, shows the action 
potential set up by a single maximal preganglionic volley applied to an 
inferior splanchnic nerve, with the same recording leads. In all the ob- 
servations of this paper an upward deflexion denotes negativity of the 
ganglion relative to the postganglionic trunk. Following the spike 
negativity in both observations 1 and 2 of Fig. 2, the potential drops 
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slowly to a maximum positivity at. 100-120 msec. and returns to normal 

only after some 400-500 msec. Following preganglionic activation, di- 
phasicity cuts into the early course of the after-potential and is difficult 
toobviate, since the postganglionic fibres belong to the C group. Following» 
antidromic activation the after-potential overlaps the descending limb of © 
the spike potential. For these reasons the early potential value of the 
after-potential is almost impossible to determine. However, the best 


Fig. 2. Ganglionic action potentials recorded with the leads shown in Fig. 1. Observation | 
is the potential recorded following an antidromic volley through electrodes A in Fig. 1. 
Observation 2 is the similar potential following preganglionic stimulation through 
electrodes P in Fig. 1. The horizontal lines represent the approximate electrical base 
line. Time: 100 msec. Slightly retouched. 


Fig. 3. Ganglionic action potential set up by a maximal antidromic volley as in Fig. 2, 
observation 1, but in another experiment. Time: 1 d.v. =10 msec. 
preparations (Fig. 3) indicate that the onset of the after-potential follow- 
ing antidromic activation is not far below, and occasionally above the 
resting potential level, while that following preganglionic activation may 
more often attain an absolute negativity, as in the control observations of 
Fig. 7. The negative after-potential then is usually represented by a 
slowly progressing positivity, which contrasts with the abrupt positivity 
encountered when a positive after-potential alone:is present [cf. Eccles, 
19356, 1936]. 
The negative after-potential of the inferior mesenteric ganglion is 
represented, in terms of excitability, by a well-defined peak of excita- 
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bility to synaptic stimulation following both preganglionic conditioning 


{Lloyd, 1939] and antidromic conditioning [Lloyd, 19396]. The after- 
potentials, however initiated, bear a remarkable similarity and constancy 
with respect to their time course in the normal resting ganglion and are 
‘not sufficiently disparate in potential to warrant the assumption that 
they arise from different sources, or that a common source is behaving 
in an essentially different manner in the two instances. Some of the 
difference in amplitude may be attributed to the obvious impossibility 


of exciting an equal number of ganglion cells in this ganglion by the two .- 


methods. Such differences have no special significance. 
An indication of a true difference in the potential value.of the after- 


potentials may be obtained by a comparison of the excitability cycle of - 
the inferior mesenteric ganglion cells following preganglionic and anti- — 


dromic volleys [Lloyd, 1939a, 6]. The supernormality peak is higher in 
the former case than in the latter, which suggests the differential in- 
fluence of factors external to the cell (possibly acetylcholine liberation) or 
incidental factors such as the direction in which the conducted distur- 
bance sweeps over the cell. Such influences might well be expected to 
introduce secondary discrepancies between ganglion after-potentials and 
excitability cycles as recorded sgeasfona preganglionic and antidromic 
activation. 

The illustrations of after-potentials from the superior cervical ganglion 
presented by Eccles [1936] show differences such as are seen in the 
inferior mesenteric ganglia. The great disparity observed in the excit- 
ability cycle following preganglionic and antidromic volleys in the 
superior cervical ganglion is related to the subliminal fringe set up by 
preganglionic conditioning in this ganglion and the subsequent re- 
cruitment. 


the role of presynaptic elements in the doncliivonens 
| of ganglion after-potentials 

Following the analysis of dorsal root potentials by Barron & Matthews 
[1938] in which presynaptic elements are considered to be of paramount 
importance in the development of potentials observed in the spinal roots, 
a suggestion was made (though not by those authors) that presynaptic 
rather than postsynaptic structures are primarily concerned with the 
development of ganglion after-potentials. The recording of these after- 
potentials following antidromic activation in the superior cervical 
ganglion is, perhaps, not a complete refutation of this suggestion, as the 
postganglionic trunk is short and the necessarily strong stimuli might 
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ganglionic nerve in the inferior mesenteric ganglion minimizes this 
possibility in the recording of after-potentials following antidromic 
volleys. The theoretical implications of the suggestion are so great, 


superior cervical ganglion, following preganglionic degeneration. Observation 1, 
normal ganglion; observation 2, 5 days degeneration; observation 3, 9 days degenera- 
tion; observation 4, 22 days degeneration. Amplification similar in all experiments. 
Time: 1 d.v.=10 msec. 


however, that further evidence has been sought. For this reason ganglion 
‘action potentials set up by antidromic volleys were recorded in the 


following preganglionic section (Fig. 4). In all cases the stimulating 
electrodes were on the postganglionic trunk, the recording leads being on 
the postganglionic trunk and the ganglion. 


have spread to the preganglionic structures. The long available post- 


Fig. 4. Action potential set up by maximal antidromic volleys and recorded from the | 


superior cervical ganglia under normal conditions and from 5 to 22 days 
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_ In Fig. 4, observation 1 is the control recorded from a normal gang- 
lion. Observations 2-4 are from ganglia with degenerated preganglionic 
fibres. The times of degeneration are given in the legend. In each case the 
normal after-potential cycle is encountered. There is no progressive 
alteration that could be correlated with degeneration time and these 
records both from normal and preganglionically degenerated ganglia 
compare well with those published by Eccles [1936]. Thus the degenera- 
tion of preganglionic elements in the superior cervical ganglion does not 
disturb the after-potentials set up by antidromic stimulation, which 
could not be the case if preganglionic elements were ah important factor 
per se in the development of ganglion after-potentials. 


Modification of the ganglion after-potential by drugs — 
_ Nicotine. Fig. 5 shows a series of ganglion action potentials recorded 
following preganglionic activation. Observation 1 is the normal ganglion © 
action potential. Between observations 1 and 2 dilute nicotine was 


Fig. 5. Ganglionie action potentials set up by single maximal preganglionic volleys. 
Observation 1 is the normal action potential. Between observations 1 and 2 dilute 
nicotine was painted on the ganglion. Observations 2-5 show stages in the effect of the 
nicotine on slow wave production. The spike potential is slightly diminished in the 
later observations (Langley’s block). Time: 1 d.v. =10 msec. . 


painted on the ganglion. Observations 2-5 are successive stages in the 
action of nicotine. As in the superior cervical ganglion [Eccles, 1935 bj 
the first effect is the removal of the negative. after-potential. Subse- 
quently the positive after-potential is greatly diminished. The differential 
action of nicotine supports the view that the negative and positive after- 
potentials are distinct though simultaneously developed and partially 
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cotemporaneous entities as in the superior cervical ganglion [Eccles, 
19356]. Grundfest & Gasser [1938] have recently described the negative 
and positive after-potentials of C fibres in mammalian sympathetic 
nerves as developing simultaneously, which emphasizes a — 
between the after-potentials of ganglion and C fibres. 


In view of this action of nicotine on ganglion after-potentials it is of : 


particular interest that Bronk & Larrabee (personal communication) 
have shown that nicotine reduces the after-potential of postganglionic 
(C) fibres. 

Veratrine. The negative after-potential recorded from. ganglia is 
extremely sensitive to the action of veratrine. Following a local applica- 
tion of this drug to the ganglion, the negative after-potential begins at 


Fig. 6. Ganglionic action potential elicited by a single preganglionic volley after the 
application of dilute veratrine to the ganglion. Time: 1 d.v.=10 msec. 


about 75 % of the spike height (not corrected for temporal dispersion) 


and maintains an absolute negative value for more than a second 


(Fig. 6). There is a hint of spontaneous firing during this large negative 
after-potential. | 

The greater negativity developed by veratrine is not reflected by the 
appearance of facilitation, presumably since further lowering of threshold 
(as demonstrated in nerve) does not further enhance the effectiveness of 
an already adequate synaptic stimulus. 


The modification of after-potentials by previous activity 
Fig. 7 shows a series of ganglion action potentials set up by two 


_ successive volleys applied to an inferior splanchnic nerve. Observation 5 


is the control observation from the first volley alone, observation 6 being 
a similar control from the second volley alone. In observations 1-4 
there is an obvious increase in the negative after-potential set up by the 
test volley, which reaches a maximum when the test volley falls at the 
point of maximum positivity. This effect is sufficiently large to establish 
an absolute negativity of the ganglion, though this is not long lived. 


| Accompanying the increase in negative after-potential as a result of 


previous activity there is a deficiency in the development of the positive 
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after-potential, the combined positivity being little greater than in a 
single control observation. With very short intervals these effects are 


precisely reversed [cf. Eccles, 19355]. 


Gasser [1938] has recently described the higher and longer negative 
after-potential set up by a single volley falling during the intercurrent 
positivity following a tetanus in peripheral nerve. Furthermore, Gasser 
[1937] has shown that the after-positivity set up by two stimuli in nerve 
is greatest at short stimulus intervals. These observations indicate the 
comparable effects of previous activity on the after-potentials of ganglion 


and nerve fibre. 


Fig. 7. Action potentials recorded from the inferior mesenteric ganglion and set up by 
two successive maximal preganglionic volleys. Observations 1-4 have inter-stimulus 
intervals of 140-325 msec. Observations 5 and 6 are controls from the conditioning 

and test volleys respectively. Time: 1 d.v. =10 msec. 


When a ganglionic lead is used (Fig. 7) there is regularly an apparent 
increase in spike amplitude of the response to a test volley, which follows 
a time course identical with that of the inverted after-potential of the 
conditioning response. This effect has been noted by Rosenblueth &. 
Simeone [1938] and apparently taken to indicate the presence of facili- 
tation during the “inhibitory period”, and hence a lack of correlation 
between the after-potentials and the excitability of the ganglion cells. 
The increase in spike height is illusory, and is due entirely to increase in 
the negative after-potential as shown in Fig. 8. Since the amplitude-time 


plots of the spike and negative after-potential are exactly parallel, the 


spike potential is in reality constant throughout. This contention is borne 

out by the complete absence of any amplitude changes in the spike 

potential recorded with truly postganglionic leads, in the same ganglion 
PH. XCVI. 9 
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with all other conditions similar. Thus in experiments purporting to show _ 


~ facilitation and inhibition either postganglionic leads must be used or 
proper allowance should be made for alteration i in ithe after-potentials due 
to previous activity. 

That a lack of correlation sometimes exists is not doubted, but this 
lies between facilitation and inhibition on the one hand, and the after- 
potentials with associated threshold changes (supernormality and sub- 
oe on the other [Lloyd, 1939a]. This lack of correlation is due to 


300 


Fig. 8. A semidiagrammatic representation constructed from observations, some of which 
_ are shown in Fig. 7. Curve A is a plot of a control ganglionic action potential to show 
particularly the course of the negative and positive after-potentials developed on a 


resting background. Curve B is plotted similarly but represents the action potential — 


set up 96 msec. following a similar preganglionic conditioning volley. The thin vertical 
lines represent the amplitude of the spike response, the heavy vertical lines that of the 
negative after-potential, plotted against the stimulus interval. These are derived by 
projecting the true potentials into the appropriate time ordinate as indicated by the 
horizontal dotted lines from curves A and B. The upper hatched curve thus represents 
the variation in spike height, the lower hatched curve that in negative after-potential 
at various intervals following a conditioning volley. A measure of the relative spike 
height is obtained in such experiments by measuring from the crest to the diphasic 
beginning to end of the experiment. 


the fact that synaptic stimulation tests the excitability changes of the 
‘ganglion cell only within the limits fixed by the density of active pre- 
ganglionic endings, and is the same as that which may be observed in 
nerve if the test stimulations are liminal or supraliminal for all the axones. 
Reversal effects, such as facilitation during the positive after-potential 
and associated subnormal period, are not encountered. 


The analogy between ganglion and nerve fibre after-potentials 
The analogy between the after-potentials recorded from ganglion and 


those recorded from a simple nerve, containing only axones, has not been _ 


completed, but all the observations which have as yet been made on 
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I 


Ganglion. 


Single action followed by N and P after. 


potentials 

N and P after-potentials developed simul- 
taneously 

N after-potential associated with threshold 
lowering process (supernormality) 


P after-potential associated with threshold 


raising process (subnormality) 


Bs ike potential increased by veratrine 


Do. [Grundfest & Gasser, 1938] 


Nerve 
Do. [Gasser, 1937] 


1934] 
P after-potential associated with sub- 
normality. [Graham & Gasser, 1934; 
Graham, 1935] 

after- tial increased d 
tivity following tetanus 1938] 
Positivity set u two ie test at 
intervals { 


that the ganglion after-potentials are truly cell body. potentials: 


After-potentials removed by nicotine utawel” Larrabee, personal com- 
munication 
After-potential of 8, cells predominan Positive after- predominates in C 
positive “fibres [Grundieet & Ge Gasser, 1938] 


ganglion after-potentials have their counterparts in nerve. These may 
be seen in Table I. 

In the light of these blaaslesiieds, the assumption that ganglion and ~ 
nerve oo are analogous processes is difficult to avoid. 


The origin of ganglion after-potentials 

In 1935 Bronk, Tower & Solandt raised the question as to whether 
the after-potentials recorded by Eccles from the superior cervical gang- 
lion could not be attributed to the activity of intraganglionic nerve fibres 
and not primarily to the ganglion cells. Later Bishop [1936] criticized 
Eccles’ findings on the basis that a ganglion might behave as an inert 
mass of conduction tissue applied to the postganglionic fibres, which 
might be solely responsible for the recorded potentials. At the present 
time Bronk, Tower, Solandt & Larrabee [1938] maintain that “mere size 
of after-potential 1 is not an adequate criterion for identifying a cell poten- 
tial”, a view with which the author is in complete agreement. In the 
face of the uncertainty with which ganglion after-potentials have been 
regarded, it is well to summarize here the principal evidence for the view 


(1) The ganglion after-potentials are recorded when one lead is on the 
ganglion and the other on the intact postganglionic trunk.” Eécles [1937] 
maintains that postganglionic fibre after-potentials could not be recorded 
to an appreciable extent with diphasic leads. | 
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(2) As the ganglionic lead is moved progressively along the post- 
ganglionic trunk there is a rapid decrement in the after-potentials not 
associated with the “killed end effect”. 

(3) Ganglion after-potentials are. recorded following antidromic 
volleys. Furthermore, the after-potentials are still present after degenera- 
tion of preganglionic elements. 

(4) The excitability cycle of the ganglion cells follows closely the 
course of the after-potentials. 

The last consideration forms probably the best evidence for the 
existence of true cell body after-potentials. There can be little doubt that 
the threshold changes observed following preganglionic and antidromic 
| conditioning volleys take place at the site of synaptic stimulation of the 
cell by the testing preganglionic Volley [Eccles, 1936; Lloyd, 19390], i.e. 
in the region of the dendrites and cell body (cf. also evidence presented by 
Lorente de. N6é for motoneurones [1935, 1938]). The after-potentials 
which would be expected to accompany these threshold changes are 
similar to those which are in fact recorded from the ganglion. 


SuMMaRyY 


‘Similar. utessiduabiae are recorded from the inferior mesenteric 
ganglion following single preganglionic and antidromic volleys. Such 
_ differences as exist suggest the influence of differentiating factors inci- 
dental to the direction and mode of activation of the ganglion cells in the 
two instances. 

‘ Preganglionic structures are not important per se in the development 
of ganglion after-potentials, as shown by degeneration experiments. 

Ganglion after-potentials and nerve after-potentials react in the same 
way to drugs and previous activity, and by a considerable weight of 
evidence appear to be analogous processes. 
ee satisfactory agreement between ganglion after-potentials and 
ganglion cell excitability is found within the range of cellular threshold 
that can be tested by the relatively fixed synaptic excitation. Reversal 


effects, such as increased responsiveness (supernormeality) sh the 


positive after-potential, do not occur. 


_ The author wishes to express his appreciation to Dr J. C. Eccles for his interest and 

during the early stages of this work. The expense of photographic materials 

used in Oxford was defrayed by a grant from the Christopher Welch Trustees. This investi- 
gation was supported in part by the Banting Research Foundation. 
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EFFECT OF CLOTTING AND OF ADDITION OF 
‘HISTAMINE ON ITS DISTRIBUTION IN BLOOD > 


By G. V. ANREP; G. 8. BARSOUM, M. TALAAT Anp 
E. WIENINGER (Vienna) 


From the Physiological Laboratory, University of Cairo, Egypt 
(Received 12 December 1938) _ 


‘Tue first part of this communication deals with the effect of clotting on 
’ the distribution of histamine in the blood. The second part is concerned 
with the distribution of added histamine between the different com- 
ponents of the blood. 

Barsoum & Gaddum [1935] found that the histamine equivalent of 
blood is not changed by clotting. According to Code [1937] the total 
histamine content of blood remains the same, but its distribution between 
the liquid parts of blood and the corpuscular mass undergoes a consider- 
able alteration. He finds in the rabbit that the white-cell layer of the 
centrifuged unclotted blood contains about 90 % of the total histamine, 
the rest being equally distributed between the plasma and the red 
corpuscles. During clotting or defibrination the histamine of the white- 
cell layer is, according to Code, almost quantitatively released into the 
serum, while the histamine equivalent of the red corpuscles remains un- 
changed. Blood of other species and man behaved in the same manner. 


It will be seen from the present communication that the results of our 


own experiments upon the effect of clotting greatly differ from those of 
Code. 
METHODS 

Human, rabbit’s and dog’s blood was used. Human blood was taken 
with a syringe from the cubital vein without compressing the arm. The 
animals’ blood was collected in the same way from the jugular vein or, 
after C+E anaesthesia, from the carotid artery. A part of the blood 
saimple was either directly centrifuged in cooled paraffined tubes or it 


was rendered, previous to centrifuging, uncoagulable by addition of 


2-5 mg. of heparin to each 50 c¢.c. of blood. In these concentrations 
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_ fibrination (A and B of each experiment of Fig. 1) shows no conspicuous 
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heparin does not alter the normal distribution of histamine in the blood 
[Code, 1937]. The rest of the blood sample was defibrinated or allowed to 
clot spontaneously. For defibrination the blood was gently stirred with a 
bent silver wire, a tassel of rubber bands, a feather or an ordinary metal 
whisk. For spontaneous clotting the blood was collected in tall cylinders 
in which the clot was allowed to contract normally or, after its formation, 
it was separated by centrifuge. Samples showing traces of haemolysis 


‘were discarded. To separate the corpuscular mass the unclotted or de- 


fibrinated blood was centrifuged for 10 min. to 1 hr. at a speed of 5000- 
8000 rev./min. Usually the centrifuge was started at 500 revolutions then 
gradually within 10 min. the speed was increased to 7000. The relative 
volume of corpuscles and serum or plasma was determined by the hae- 


matocrit. | 
The white-cell layer of the centrifuged blood was removed as recom- 


mended by Code. In some experiments it was collected together with 
some supernatant plasma and underlying red corpuscles, the total volume 
removed being 2 c.c. When the latter method was used we took the volume 
of the white-cell layer of 10c.c. of blood to be 0-25 c.c., the remaining 
1-75 c.c. being plasma and corpuscles. This calculation conforms with 
Code’s and our own finding that the white-cell layer of 100c.c. of 
rabbit’s blood is equal to about 2-5 c.c. 

The determination of the histamine equivalent was made with the 
method of Barsoum & Gaddum. For rabbit’s blood the stage of alcohol 


extraction was omitted. The modification of the method suggested a3 


Code was also used. 
RESULTS 


Effect of defibrination and of spontaneous clotting 
_. Defibrination. Analysis of over seventy samples of rabbit’s blood 


showed that on defibrination no histamine is released into the serum. 


The results of four experiments are given in a diagrammatic form in Fig. 1, 
from which it can be seen that in rabbit’s blood the histamine content of 
the plasma together with that of the red corpuscles accounts for a con- 
siderably greater proportion of the total than is stated by Code. In the 
majority of blood samples we find between 45 and 55 % of the histamine 
in the red cells and plasma as compared with the 10-12 % given by Code. 
Only in a few blood samples was the histamine content of the white-cell 
layer as high as 70 % of the total. 

A comparison of the histamine distribution before and after. de- 
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difference between the histamine content of plasma and serum. The 
histamine content of the red. blood cells also remains unchanged. | 

The striking change which defibrination produces in the blood is the 
complete. disappearance of the histamine-rich pias layer and the 


160r- 
150+ | 
140+ 


T 


A B A B 
Exp. 1 Exp.2 . Exp. 3 _ Exp. 4 
Fig. 1. Distribution of histamine in pg. in 10 ¢.c. of rabbit’s blood (A) before and (B) after 
defibrination. The differently shaded parts of each column show the histamine content 


_ from down upwards: in A, red blood corpuscle, white-cell layer and plasma; in B, red 
blood corpuscles, fibrin and serum, Ordinate: yg, of histamine acid phosphate. 


corresponding diminution of the histamine content of defibrinated blood. 
The histamine of the white-cell layer is removed by the fibrin mass from 
which 80-100% of it can be recovered by extraction with trichloroacetic 
acid. For complete extraction the fibrin has to be divided into small 
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particles, otherwise only negligible amounts of histamine are extracted. 
Precautions must be taken not to emul some of the fibrin during its 
separation from the blood. 

- On allowing the fibrin mass to remain in the blood for over 30 min. 
we find no increase in the histamine content of the serum and no dimi- 
nution in the fibrin. In some experiments the fibrin was removed by 
centrifuge instead of filtration. This did not change the final results. It is 
obvious that since on defibrination the histamine of the white-cell layer is 
removed by the fibrin, defibrinated blood contains less histamine than 
whole blood. The histamine content of the whole blood is approximately 
equal to that of defibrmated blood and of the fibrin together. 

Spontaneous clotting. The result of spontaneous clotting of rabbit’s 
blood is the same as that of defibrination (Table I). Whether the clot is 


Tastez I. Distribution of histamine in yg. in 10 c.c. of rabbit’s blood (A) 
before and (B) after spontaneous clotting 


Bk Sampleno. ... 1 2 3 4 5 
A. Plasma 24 16-5 14 

| Corpuscles 60 93 Sih 70 
B. Serum 21 14 ll 23 12 

Clot 84 78 92 74 


left to shrink on its own or is centrifuged (2 and 5 of Table I) the hista- 
mine of the serum does not much differ from that of the plasma. The 
histamine content of the corpuscular mass including the white-cell layer 
is retained by the clot and not released into the serum. For the deter- 
minations, the results of which are given in Table I, the clot was allowed 
to shrink in aseptic conditions for 24 hr. 

Some of the blood samples were centrifuged without the addition of an 
anticoagulant. The white-cell layer was removed and the red cells rapidly 
mixed with the same plasma, after which the blood was allowed to clot 
spontaneously. In all such experiments the histamine was approximately 
uniformly distributed between the clot and the serum. The white-cell 
layer having been removed, the histamine equivalent of the clot did not 
differ from that of the serum to a greater extent than is usually the case 
between red corpuscles and plasma. 

Human and dog’s blood. In principle the results obtained with human 
blood are the same as with rabbit’s blood except that the absolute amount 
of histamine is much smaller. The histamine equivalent of the plasma is 
in the human blood considerably lower than that of the red corpuscles 
but as in the rabbit’s blood the white cell layer accounts for about 50- 
65 % of the total histamine. The histamine equivalent of the serum 
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obtained by centrifuging defibrinated blood or after spontaneous clotting 
is the same as that of the plasma, while the histamine of the white-cell 
layer is taken up by the fibrin mass or by the clot. There is no indication 
that the white-cell layer releases its histamine into the serum. In this we 
entirely confirm the independent observations of Marcu & Gingold (1937) 
made on human blood, who found no conspicuous difference between the 
histamine equivalent of serum and plasma. 

The few experiments made with dog’s blood, which is known to form 
on centrifuging only a small white-cell layer, show that on defibrination 
the histamine content of the blood also becomes somewhat diminished 
and that this diminution is of the same order as the amount of histamine 
which is removed by the fibrin, No evidence was found that the serum of 
dog’s blood is richer in histamine than the plasma. 

_ Distribution of histamine added to blood 

Anrep & Barsoum [1935] have reported that red blood corpuscles, 
the histamine content of which is artificially increased, release only a — 
negligible amount of it into a histamine-free surrounding medium. These 
observations are now extended to cover a wider range of histamine con- 
centration in the red blood cells and to study the conditions under which 
_ the red and white corpuscles take up histamine from the serum or plasma. 

Histamine acid phosphate was added to defibrinated or heparinized 
dog’s blood. About 10 min. later the blood was centrifuged ; its histamine- 
_ rich serum, together with a fewcubic centimetres of underlying corpuscles, 
was removed and replaced by an equal amount of serum to which no 
histamine had been added. The histamine-rich red. blood corpuscles were 
then mixed with the histamine-poor serum and allowed to stand in 
aseptic conditions usually for 30 min. and in some experiments up to 
3 hr. After centrifuging the blood for a second time the histamine 
equivalent of its serum and corpuscles was redetermined in order to find 
the amount of histamine which has been released. | 

| The release of histamine by the blood corpuscles. With variations of the 
histamine equivalent of the red corpuscles ranging between 1-0 and 
80-0 yg./c.c. the histamine equivalent of the corresponding sera varied _ 
between 0-4 and 2-80yug. Not more than 3-5 % of the corpuscular 
histamine is given off to the histamine-poor serum. The release of hista- 
mine is complete within a short time. For example, serum originally 
containing 0-01 yg./c.c. increased its histamine content to 0-45 yg. after a 
10 min. contact with blood corpuscles containing 10 ug. of histamine per 
cc. One hour later the histamine equivalent of the serum was 0-45 and 
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after another hour 0-43 yg./c.c. If the serum which has been in contact _ 


with the histamine-rich corpuscles is removed and replaced for a second 
time by histamine-poor serum a much smaller amount of histamine is 
released than in the first instance. Experiments with aeons blood 
gave the same results. : 

The appearance of histamine in the serum or plasma when j in contact 
with histamine-rich corpuscles is not due to an establishment of a fixed 
equilibrium but to a washing out of the histamine-rich serum still ad- 
hering to the corpuscles in spite of prolonged centrifuging or to a release 


caused by some damage to the corpuscles, insufficient to produce haemo-— 


lysis. This is supported by the fact that the amount of histamine given off 
to the serum by a definite volume of red corpuscles is independent of the 
quantity of serum used. For example, on mixing 5c.c. of red blood 
corpuscles containing 50 yg. with 5 and 15 c.c. of serum the total amount 
of histamine released was 3g. in both instances, the corresponding 
histamine equivalents of the two sera being 0-6 and 0-21 yg. The hista- 
mine equivalent of the sera was inversely proportional to their volume. 
Had the release been due to a histamine equilibrium between corpuscles 
and serum the amount released would be proportional to the volume of 
serum while the histamine equivalent would in both samples be the same. 

The extremely high histamine concentration of the white-cell layer as 
compared with that of the plasma and of the red corpuscles is sufficient 
evidence to show that the white cells, as the red blood corpuscles, 
release no histamine into the surrounding serum. It has been shown 
above that even during defibrination there is no release of histamine 
from the white-cell layer. 

The uptake of histamine by the blood sererusclen While the release of 
histamine by the red and white corpuscles occurs with difficulty its uptake 
from the plasma or serum proceeds with ease but only when the histaminé 
concentration in the fluid parts of the blood exceeds that of the corpuscles. 
Variations in the histamine concentration of the plasma below the level 
of the corpuscular histamine have no effect on the latter. 

In Exp. 1 of Table II the histamine equivalent of the red blood 
corpuscles of defibrinated dog’s blood was increased, by addition of 
histamine acid phosphate, to 4-5 yg./c.c. Six portions, 5c.c. each, of 
these corpuscles were transferred into separate centrifuge tubes, and each 
sample of the blood cells was mixed with 5 c.c. of serum to which different 
amounts of histamine had been previously added. No histamine was 
added to the first tube. In three tubes the serum histamine was below 
and in two tubes above that of the wea oneness The six tubes were allowed 
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G.V. ANREP AND OTHERS 
‘Taste IL Uptake of histamine in pg./c.c. by red blood corpuscles from serum 
containing an increasing amount of histamine acid phosphate i 


Exp. 1. Initial histamine equivalent of red blood corpuscles—4-5 yg. 
Sample no. Wan 2 3 eis 6 


R.B.O. after contact with 4-2 4-5 4-5 43 6-1 
serum 


equivalent 002 09 8 ¢1 78 108 
of serum 


Serum after contact with 0-11 0-9 1-8 3-9 6-0 8-0 
corpuscles 
Exp. 2. Initial histamine equivalent of red blood corpuscles—0-5 yg. 
Sample no. 5 7 
R.B.O. after contact with 053 048 050 050 064 O71 25— 
‘serum 


Initial histamine equivalent 0:10 020 0-40 0:50 080 100 60 
of serum : 

Serum after contact with 0-10 O18 042 048 068 0-75 2-6 
corpuscles 


to stand for 20 min. They were then centrifuged and the histamine of the 
serum and corpuscles of every sample was determined with the object of 
finding the minimal concentration of the serum histamine at which it 
begins to be taken up by the red corpuscles. In the first tube the hista- 
mine-rich blood corpuscles released some histamine into the serum, the 
histamine equivalent of which increased from 0-02 to 0-11 »g. In the next 
three tubes the original concentrations of histamine in the serum and 
corpuscles remained unchanged. In the last two tubes in which the 
initial concentration of histamine in the serum exceeded that of the 
corpuscles the latter took up some of the histamine which now uniformly 
distributed itself between serum and corpuscles. The actual amount of 
histamine per cubic centimetre of serum and corpuscles agreed with what 
would be expected from their volumes and their respective initial 
histamine equivalents. For example, in tube 5, the 5 c.c. of.serum con- 
tained 36-5 wg. and the 5.c. of corpuscles 22-5 ug., making a total of 
59 wg. A uniform distribution of this amount in 10.c. of blood would 
give an equivalent of 5-9 ug. The actual figures obtained were 6-1 yg. for 
the corpuscles and 6-0 yg. for the serum. | 

In the second experiment (Table II) the histamine concentration of 
the corpuscles was increased considerably less than in the first. After 
removal of the histamine-rich-serum the corpuscular histamine equiva- 
lent was estimated as 0-48, 0-53 and 0:50 yg. in three determinations, The 
average of 0-50 wg. was taken to represent the exact figure. The blood 
corpuscles were exposed, as in the preceding experiment, to sera con- 
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taining progressively larger amounts of histamine. After standing for 
20 min. the corpuscles were separated by centrifuge from the serum and 
both were analysed. As in the first experiment the red blood cells 
failed to take up any histamine from the surrounding serum until the 
latter exceeded their own histamine content. The excess histamine 
distributed itself uniformly between corpuscles and serum. 

The following experiment shows that the white cells behave in the 
same manner as red corpuscles. Various amounts of histamine were 
added to 10 c.c. samples of heparinized rabbit’s blood. After standing for 
about 15 min. the blood samples were centrifuged and the histamine 
equivalents of their plasma and white-cell layer respectively were 
determined. The white-cell layer was removed by the procedure recom- 
mended by Code. Its volume was taken as 0-25 c.c.; therefore to calculate 
the histamine equivalent per c.c. of the white-cell layer its histamine 
content was multiplied by four. It can be seen from Table III that the 
Taste III. Uptake of histamine in yg./c.c. by the white-cell layer from plasma containing 
_ an inereasing amount of histamine acid phosphate. The initial histamine equivalent of 

the white cell layer was 50 yg./c.c. | 
Sample no. 14 1 2 3° 4 5 


White-cell layer 52 - 50 52 82 108 
Plasma after contact with the 18 43 120 
corpuscular mass 


histamine equivalent of the white-cell layer increased only in samples 
4 and 5, in both of which the initial histamine concentration of the 
plasma exceeded that originally present in the white cells. 
Discussion 
The experiments described: in this communication show that the 
cellular elements of blood retain their histamine with considerable force 
and do not release it in the surrounding plasma beyond a limited extent, 
Even when the white or the red cells are suspended in Tyrode solution 
there is hardly any diffusion of histamine taking place. Clotting and 
 defibrination of the blood do not alter the distribution of histamine 
between the different components of blood except in so far that the 
histamine of the white-cell layer can now almost be completely recovered 
from the blood clot or from the fibrin. The obvious conclusion would be 
that the structural elements composing the white-cell layer are trapped 
together with their histamine in the clot or fibrin. This is supported by 
the fact that the centrifuged defibrinated blood gives no histamine-rich 
layer at the border between serum and corpuscles. | 
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_ At the present state of our knowledge of the metabolism of histamine 
it is difficult to advance a reason why histamine should not be equally 
distributed between the different parts of the blood. Histamine which is 
added to blood is not taken up selectively by any one of the blood com- 
ponents. When the plasma histamine exceeds that of the red blood 
corpuscles the excess distributes itself equally between the two. The same 
happens with the white cells, which increase their histamine content only 
when in contact with plasma of a higher histamine equivalent. It is 
_ therefore possible that the histamine equivalent of the white-cell layer is 
in most animals exceptionally high because at some time somewhere in 
the tissues the white cells have been in contact with an equally high 
concentration of histamine. The histamine which has been taken up by 
the white and red cells from the surrounding fluid is retained by them 
unless acted upon by some extrinsic factor such, for instance, as hista- 
minase. 
SuMMARY 
‘1. Determinations of the histamine equivalents of rabbit’ s and 


human blood confirm the observations of Code that the white-cell layer 


of the centrifuged unclotted blood is et rich in the histamine- 
like substance. 

2. Contrary to Code’s observations, we find that the white-cell layer 
accounts in the rabbit for not more than 50-60 % of the total histamine 
content, the rest being recovered from the red cells and plasma. 

3. On clotting, the histamine-rich white-cell layer disappears and its 
entire histamine content can be recovered from the clot or fibrin. No 
histamine is released by the white-cell layer into the serum, the histamine 
equivalent of which is equal to that of the plasma. The histamine content 
of the red blood cells is not changed by defibrination. 

4. The white as well as the red cells of the blood take up histamine 
only when the histamine equivalent of the surrounding plasma or serum 
exceeds their own. 


5. The reverse process occurs with difficulty. The histamine taken up 


by the corpuscular elements of blood is firmly retained by them — not 


easily given off into the plasma or serum. 
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THE RELEASE OF HISTAMINE BY 
ISOLATED SMOOTH MUSCLES 


By N. AMBACHE anp G. 8. BARSOUM 
From the Physiological Laboratory, University of Cairo, Egypt 
(Received 15 February 1939) 


ANREP & Barsoum [1935] have shown that during contraction of a 
voluntary muscle there is a release of histamine, appearing in the venous 


blood emerging from the muscle in amounts proportional to the strength 


and duration of contraction and derived from a pre-existing store within 
the muscle [Anrep, Barsoum, Talaat & Wieninger, 1939]. Similar 
observations on heart muscle by Anrep, Barsoum & Talaat [1936], 
which could not be repeated by Code, Evans & Gregory [1938], have 
recently been confirmed and further elucidated by Marcou [1939]. 
After curare a particularly large release of histamine from the voluntary 
muscle was found [Alam, Anrep, Barsoum, Talaat & Wieninger, 1939]. The 
present communication deals with the problem whethersmooth muscle falls 
in line with the other two types of muscle and gives off histamine during 
activity and after curare. The investigation was: initiated by an un- 
published observation, made in this laboratory, that during vagal — 
stimulation, effective in causing intestinal contractions, there was an 


increase in the histamine content of the venous blood coming from the 


intestines, 
_ MEtTHops 

The ie were pee out on isolated organs. Weighed 
pieces were kept in oxygenated Tyrode solution at 37-39° C. A few pre- 
liminary trials were made on the small intestine of the rabbit and guinea- 
pig. In these the intestine was not opened by a longitudinal incision; in 
some the proximal, in others the distal part was used for the control. 
Otherwise the technique was the same as that used for the dog’s small 
intestine on which the main experiments were performed. Pieces of 
10-30 cm. length were put into cold Tyrode solution, split open by a 
longitudinal incision, and in order to see whether the. histamine was 


released by the smooth muscle proper or by the mucous membrane, the 
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latter was scraped down to the basement membrane. The muscle coat 
was then divided into approximately equal halves by cutting it longi- 
tudinally. After thoroughly rinsing the two muscle strips in Tyrode 
solution they were placed in separate beakers, each containing 25 c.c. of 
Tyrode solution, and kept in the warm water bath with air bubbling 
through the solution. This provided adequate oxygenation and stirring. A 
few experiments were carried out on the bladder wall, on the muscle coat 


of the stomach and oesophagus, and on the mucous membrane of the 


stomach of dogs. The mucous membrane of the bladder was not removed, 
as it is so thin as not to matter and also because it is difficult to effect a 
clean separation. In the stomach it is easy to remove the muscle coat and 
to obtain clean sheets of mucous membrane with the muscularis mucosae 
remaining attached to it. They were used in the same way as the muscle 
strips. 

The muscle pieces were thrown into activity by acetylcholine, 
potassium chloride or pituitary extract (Parke, Davis). The period of 
activity usually extended for 20 min. Control pieces were kept com- 
pletely relaxed for the same period by the addition of 0-5 ¢.c. of 1 in 1000 
atropine sulphate to the 25 c.c. bath, the same volume of Tyrode solution 
being added to the active pieces. In the experiments in which acetyl- 
choline was used 10 yg. were added every minute to the control ag well as 
to the active piece and the atropine in the control was renewed after 
the first 10 min. When potassium was used 0-5 c.c. of a 10% solution of 
potassium chloride were added at the beginning and again after 10 min., 
and in some instances the control as well as the active pieces were 
atropinized. The pituitary extract was added in a single dose of 0-5 c.c. 

The histamine equivalent of the bath fluid was determined by 


extracting it with trichloroacetic acid according to the method described — 


by Barsoum & Gaddum [1935] for the determination of histamine in 
blood. The final volume of the extract was always made up to 2°5 c.c. 
and assayed on the guinea-pig’s ileum against histamine. The activity 
is expressed in terms of histamine acid phosphate. 


EXPERIMENTAL 
Guinea-pig’s and rabbit’s small intestine 
Extracts of the fluid surrounding the atropinized intestine contained 
undeterminable traces of histamine. Similar extracts of the fluid 


bathing the organ which acetylcholine had thrown into activity always 
gave positive results. For example, in 20 min. 2 g. of the guinea-pig’s 
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intestine released 0-18 yg. and 5g. of the rabbit’s intestine 0-3 yg. of — 


histamine. A typical experiment on a rabbit’s intestine is illustrated in 
Fig. 1. The extract obtained from the fluid surrounding the control 
piece had no stimulating action on the guinea-pig’s ileum (d), whereas 


_ that from the fluid round the active piece caused a powerful contraction 


(5) similar to that produced by 0-035 yg. of histamine (a, c, e). 


Fig. 1. Fig. 2. 
Fig. 1. Responses of the atropinized guinea-pig’s ileum in 5 c.c. Tyrode solution. a, c and 
e=0-035 yg. histamine acid phosphate. 6 and d=0-5c.c. of extract from bath fluid of 
active (6) and control (d) intestine of rabbit. For details see text. 


Fig. 2. Responses of the atropinized guinea-pig’s ileum in 5 c.c. Tyrode solution. a, c and 
e=histamine acid phosphate. b, d, f and g=extract of bath fluid of dog’s intestine. 


For details see text. 
Dog’s small intestine 
The atropinized control muscle released no histamine. In some 
experiments the fluid from non-atropinized controls was examined. 


_ These weakly active pieces showed a slight output of histamine of the 


order of 0-02—0-05 yg./g. in 20 min. 

Acetylcholine. Under the action of acetylcholine the intestinal muscle 
liberated in 20 min. 0-1-0-19 yg. histamine per g. In a few experiments, 
in addition to acetylcholine, eserine salicylate was administered to the 
active pieces, producing an increased release of 0-3-0-4 ug./g. The 
eserine was added in amounts of 0-1 mg. at the beginning and in the 
middle of the experimental period. In the experiment of Fig. 2, 0-1 c.c. 
of extract from the bath fluid of a piece activated by acetylcholine alone 
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(b) corresponded to nearly 0-03 pg. of histamine (c), whereas the same 
amount of extract (d) from a piece activated by acetylcholine in the 
presence of eserine had an action much greater than that of 0-04 yg. of 
histamine (e). The control sample from the atropinized intestine was 
inactive even if tested in five times greater amounts (f), The activity of 
0-2 c.c. of the extract (g) of another piece of intestine, kept as a control 
without atropine, corresponded to about 0-02 yg. of histamine (a). 

The identity of the gut-contracting substance with histamine is 
supported by the following facts. When tested on the rectal caecum of 
the fowl the extracts gave a typical histamine-like contraction which 
disappeared after rendering the caecum insensitive to histamine; the 
test is described by Barsoum & Gaddum [1935]. Histaminase destroyed 
the active substance. For instance, in one experiment the histamine 
equivalent of a concentrated extract was reduced by histaminase from 
4-6 to 0°35 yg. in 30 min. 

The release of histamine is approximately constant as long as ‘the 
contractions of the intestine do not diminish. One experiment was 
continued for three successive periods of 20 min. each. During the first 
period the fluid bathing the intestinal muscle strip was changed every 
5 min., during the second it was left unchanged, and during the last 
period the intestine was atropinized. Addition of acetylcholine was 
continued throughout the experiment. The release of histamine during 
the four 5 min. intervals was 0-28, 0-25, 0-32 and 0-25 yg. for the muscle 
weighing 10g. During the second 20 min. 0-95 ug. was released; none 
was given off from the atropinized muscle during the last period. In 
_ similar experiments in which the contraction of the muscle weakened 
during the experimental period of activity the release of histamine 
gradually diminished. 

Potassium and pituitary extract. The intestinal muscle treated with 
potassium or pituitary extract released 0-1-0-13 yg. of histamine per g. 
in 20 min, 

Curare. Curare has an action on smooth muscle similar to that on 
striated muscle. On adding 1 c.c. of a 3% solution to the bath we found 


a release of 0-3-0-4 pg. scecumetal oa in 20 min. Acetylcholine did 
not increase the release. 


Dog’s bladder, stomach and oesophagus 
With the bladder, oesophagus and the pyloric stomach the results 
were similar to those obtained with the intestine. There was no release 
of measurable amounts of histamine from the atropinized control samples, 
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and during the period of 20 min. of acetylcholine activity the output of 
histamine was of the order of 0-1-0-2 yg./g. The fundus of the stomach 
was the only muscle from which we obtained a release of measurable 
amounts of histamine by the atropinized control pieces. It amounted — 
to 0-3 ug. of histamine. Furthermore, during acetylcholine activity 
there was a particularly high liberation amounting per g. in 20 min. 
sometimes to as much as 0-8 yg. above that released by the control. 


| Mucous membrane of the dog’s stomach 
Sheets of the mucous membrane from the pylorus and the fundus 
were found to release 0-04-0-12 ug. of histamine per g. in 20 min. 
_ Addition of acetylcholine to the bath generally failed to increase the 


output. In a few experiments there was a slight increase which was 
within the accuracy of the method. 


Discussion 


Our results show that in a state of complete relaxation no histamine 
appears in the fluid surrounding a smooth muscle, but that during 


_ contraction and after curare measurable amounts are released. There is 


thus no fundamental difference between smooth and striated muscles. 
We did not attempt to investigate whether the release was from a pre- 
existing store of histamine as Anrep ef al. have done in their experiments 
on striated muscles. Such an attempt would have been futile, since the 
amounts of histamine liberated (0-1-0-4 yg./g.) were insignificant com- 
pared with those normally present within smooth muscle; we found, for 
instance, that the dog’s intestinal muscle contained about 125 yg. of 
histamine per g. . 

We have mentioned the observation made in this laboratory that the 
histamine content of the venous return from the intestine is increased by 
vagal stimulation, The negative results obtained by MacIntosh [1938] in 
similar experiments with gastric venous blood we are unable to explain.' 
The exact source of the histamine in the intestinal venous blood could not 
be distinguished. Since atropine failed to prevent the effects of stimula- 
tion, the nervous elements could not be excluded, and a separation 
between muscular coat and mucous membrane was not possible. Our 
experiments on isolated preparations indicate that the histamine 

1 In a personal communication Dr MacIntosh informs us that in one experiment he 
acetylcholine into a branch of the coeliac artery. Pes) 
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appearing in the intestinal venous blood was derived from the con- 
tracting smooth muscle. The participation of the nervous element in 
the liberation of histamine was excluded by our experiments on the 
bladder wall; this muscle, which contains only a few scattered nerve cells 
[Henderson & Roepke, 1935], showed a release no smaller than that 
given by the intestine. As the isolated mucous membrane failed to 
respond to added acetylcholine with an output of histamine, it is unlikely 
that it would have reacted differently in situ to the acetylcholine 
liberated during vagal stimulation. 

MacIntosh [1938] has discussed the possibility that “the liberation of 
histamine may be one step in the production of gastric juice under the — 
influence of the vagus”. The fact that acetylcholine, the vagal trans- 
mitter, does not increase the spontaneous release of histamine from the 
isolated mucous membrane of the stomach lends no support to such a 
theory. The spontaneous release may be the result of various causes. 
The mucous membrane of the stomach has a high histamine content; 
under the conditions of our experiments the permeability of the cells to 
their histamine may have increased or the release may have been the 
result of injury to some cells. Since gastric juice normally contains 
_ histamine the presence of the latter in the bath fluid may have been the 
sign of a secretory process. 

_ It has been shown that histamine is liberated from the perfused 
guinea-pig’s lung during anaphylactic bronchoconstriction, and from 
controls made on this organ it was concluded that the contraction of the 
smooth muscle in itself was not responsible for this release [Bartosch, 
Nagel & Feldberg, 1932; Schild, 1937]. Our results seem to disagree 
with these conclusions but the discrepancy is only quantitative. In his 
controls Schild produced bronchoconstriction with BaCl, and KCl and 
found that there was no release of histamine in 20-30 min. His method, 
however, did not enable him to detect amounts less than 0-3-0°8 yg. 
Assuming an average lung weight of 3-4 g. the amounts released per 


g. of smooth ayes 1 in our experiments would be below the threshold of 
his method. 


SuMMARY 


1, A-release of histamine of the order of 0-1-0-2 yg./g. in 20 min. by 
preparations of isolated smooth muscles from the digestive tract and the - 
bladder has been observed during active contraction produced by acetyl- 
choline, potassium chloride and pituitary extract. No such release 
occurred in the completely relaxed atropinized controls. 
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2. A release of histamine of the order of 0-3-0-4 yg./g. in 20 min. by 
isolated intestinal muscle occurred after curare. 
3. Sheets of isolated gastric mucous membrane showed a spon- 
: \ taneous release of histamine which was not increased by acetylcholine. 


Our thanks are due to Prof. G. V. Anrep for suggesting the experiments and for the 
| help and advice given us during their course. 


REFERENCES 


4 Alam, M., Anrep, G. V., Barsoum, S., Talast, M. & Wieninger, E, (1030), J. Phyoiol. 
| 95, 148, 
Anrep, G. V. & Barsoum, G. 8. {1985}. J. Physiol. 85, 409. 

Anrep, G. V., Barsoum, G. 8. & Talaat, M. [1936]. J. Physiol. 86, 431. 

| Be Anrep, G. V., Barsoum, G. 8., Talaat, M. & Wieninger, E. [1939]. J. Physiol. 96, 130. 
| . Barsoum, G. 8. & Gaddum, J. H. [1935]. J. Physiol. 85, 1. 

| | Bartosch, R., Nagel, E. & Feldberg, W. [1932]. Pyltig. Arch. ges. Physiol. 230, 129. 
Code, C. F., Evans, C. L. & Gregory, R. A. [1938]. J. Physiol. 92, 344. 

| Henderson, V. E. & Roepke, J. H. [1935]. J. Pharmacol. 54, 408. 

| MacIntosh, F. C. [1938]. Quart. J. exp. Physiol. 28, 87. : 

Marcou, I. [1939]. C.R. Soc. Biol., Paris, 180, 575. 

co aa ee Schild, H. 1937]. Quart. J. exp. Physiol. 26, 165. 

| 


i 
ia 
4J 
wg 
4 
“4 
aig 
4 
a 
% 
‘Fa 
an 
. 
Pe 
ra 
Aa 
‘ 


146 


J. Physiol. (1939) 96, 146-163 612.455:612.89 


SOME EFFECTS OF STIMULATION OF SYMPATHETIC 
NERVES AND INJECTION OF PRESSQR*DRUGS 
IN ADRENALECTOMIZED CATS ». 


By ©. W. J. ARMSTRONG, R. A. CLEGHORN, 
J. L. A. FOWLER anp G. A. MoVICAR 


From the Department of Medicine, University of Toronto : 
(Received 14 March 1939) 


In 1904 Elliott reported that in cats dying of adrenal insufficiency the 


tissues innervated by the sympathetic failed to respond to electrical 
stimulation of their nerves or to nicotine. He suggested that the presence 
_ of adrenaline, or an immediate precursor, was necessary for the excitation 
of the peripheral tissue by the sympathetic and postulated that adrenaline 
might be the stimulating agent liberated by sympathetic nerve im- 
pulses. 

Further light on the actual site of this functional defect in the 
sympathetic nerves was provided by Elliott [1914] in his analysis of the 
nature of death in adrenal insufficiency. In cats prostrate and at the 
point of death he found no evidence of disturbance of somatic, para- 
sympathetic or visceral afferent nerves. The sympathetic vasoconstrictor 
nerves, however, seemed paralysed, at least in the splanchnic region, for 
stimulation of these nerves led to little or no rise in blood pressure. On 
the other hand, a minimal stimulus of the cervical sympathetic produced 
dilatation of the pupil. Intravenously injected nicotine had a negligible 
pressor effect, which implied that cardio-accelerator and vasoconstrictor 
fibres other than those in the splanchnics were functionally defective. 
Since pituitrin and barium chloride also failed to produce any substantial 
increase in blood pressure, it seemed that the paralysis was due to a loss 
In the power of contractility of vascular muscle and not necessarily to a 
defect in the nerves. Adrenaline, however, still produced substantially 


normal cardiovascular effects, indicating that the muscle was still 


capable of contraction. This analysis suggests, in Elliott’s words, that 
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“the nerves appear to be paralysed because the muscle cannot respond 
to their excitatory impulses”. It could be further explained by postu- 
lating a failure of the sympathetic vasoconstrictor and cardio-accelerator 
nerves to liberate an effective concentration of the hypothetical stimu- 
lating agent suggested by him in 1904. Such a postulate appears reason- 
able in the light of the recent confirmation of the hypothesis of chemical 
transmission of autonomic nerve impulses supplied by. the work of 
Loewi, Cannon, Dale and their collaborators. At adrenergic nerve 
endings (using the nomenclature of Dale [1933]) the chemical transmitter 
appears to be remarkably like, if not identical with adrenaline. Detailed 
consideration of the literature on this subject is unnecessary here in view 
of the thorough reviews of Bacq [1935] and of Eccles [1936], but it is — 
pertinent to note that the sympathetic failure noted by Elliott in adrenal 
insufficiency appeared to concern the adrenergic and not the cholinergic 
vasomotor fibres of the autonomic system. 

Other reports and views concerning the nature of the cardiovascular 
failure in adrenal insufficiency have been considered in the reviews of 
Hoskins [1922] and of Britton [1930]. The former author concluded that 
the hypotension following adrenalectomy was due to a defect in the 
effector rather than in the sympathetic system. The latter cited parti- 
cularly the marked concentration of the blood and the conclusion of 
Coombs [1925] that some product of the adrenals is necessary for the 
maintenance of sympathetic nerve activity on vascular smooth muscle. 
Observations of Langsdorf [1933] indicate a diminished sympathetic 


tone in sdtenalectomized rabbits. A significant study by Swingle; 


Pfiffner, Vars & Parkins [1934] showed that adrenalectomized dogs have 
lost the power to dilute their own blood after haemorrhage. More 
recently, Swingle, Parkins, Taylor & Hays [1937] and Parkins, Swingle, 
Taylor & Hays [1938] have concluded in addition that adrenal cortical 
hormone has a pressor effect separate from its action on a blood diluting 
mechanism. The function of sympathetic nerves immediately following 
removal of the adrenals has been studied by Secker [1938]. 

While the vasomotor paralysis by Elliott may have been secondary 
to the moribund condition of the animals at the time of the experiments, 
his findings do not seem to have been examined critically in detail. In 
view of this we felt the problem worthy of reinvestigation, and in this 
paper shall describe the results obtained from experiments along the 
lines of those by which he investigated the function of sympathetic 
nerves and the effect of drugs on the cardiovascular system of cats dying 
of adrenal insufficiency. | 7 
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METHODS 


Cats were used throughout. In one group of experiments Elliott’s 
experimental conditions were faithfully observed; ether was used as the 
anaesthetic, and the splanchnics stimulated in the open thorax while 
artificial respiration was maintained by a pump. It was found, however, 
that the prostrated animal frequently died during ether anaesthesia or 
following the trauma involved in opening the thorax. In some experi- 
ments (e.g. Exp. 4), therefore, a modified technique was employed: 
nembutal was used as the anaesthetic and the great splanchnic was 
stimulated in the abdomen. This modification did not seem to prejudice 
the results. | 

Adrenalectomy generally was a pectermed by the lumbar route in two 
stages. In most instances adrenal cortical extract was administered 
following removal of the second gland. This was injected subcutaneously 
twice daily for 3 or 4 days in 3-5.c.c. doses, and thereafter in half this 
amount until discontinued in order to allow the development of adrenal 
insufficiency. In some cases both glands were removed at one operation 
through a right rectus incision. The occasional occurrence of sepsis was 
successfully combated by surgical measures and increased amounts of 
extract. When upper respiratory infection occurred, however, it was but 
rarely overcome by the injection of even large quantities of extract. 

The cats were kept in a room where the temperature varied little 
from 72° F. A vermifuge was administered routinely. The diet consisted 
— of milk, canned salmon and, occasionally, cooked meat and chicken. The 
results considered for this paper, with a few exceptions, are those obtained 
on animals which received extract and did well on the injections. The 
criterion utilized was that they should weigh more at the time the extract 
was discontinued than at the time of the operation. 

For stimulation of sympathetic nerves a Harvard inductorium was 
used, which had a spring vibrator with a frequency of 32 c./sec. in the 
circuit. Both make and break shocks were effective and the stimulus 
supramaximal when the secondary coil distance was 6cm. In the 
experiments, when not stated otherwise, the coil distance is 6 cm. 

The contractions of the nictitating membrane (n.m.) were recorded 
isotonically, a lever with a ten- to fifteen-fold magnification and a tension 
of 4g. being used. Carotid blood pressure was recorded by a mercury 
manometer. Time on the tracings is marked in 10 sec. intervals. 

Drugs, except where otherwise stated, were injected by the femoral 
(1 10 sec. interval. Parke, Davis and 
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Co. pitressin was used except where otherwise indicated. The usual dose 
of this drug was 2 units (0-2 c.c.) made up to 1 c.c. with normal saline. 


Theconcentration of barium chloride injected was 2-5 . Blood for analysis 


was generally drawn from the femoral vein at the start of the experiment. 

The adrenal cortical extract used was prepared in the Connaught 
Laboratories, Toronto, and has been reported on by Cleghorn, McHenry, 
McVicar & Overend [1937]. This material shows none of the toxicity of 
an earlier preparation (Cleghorn, 1932]. 


Blood sodium was determined according to the principles of the 


_ method of Butler & Tuthill [1931] on either serum or plasma. When 
sodium was estimated on plasma, heparin was used as the anticoagulant. 
The technique developed, permitting the use of as little as 0-5c.c. of 
serum, is as follows: The material was first wet-ashed in a pyrex test-tube 
with sulphuric and nitric acids until the fluid was quite clear and sul- 
phuric oxide fumes evolved. The contents of the test-tube were then 
transferred to a beaker, quantitatively, by means of four washings of 
uranium zinc acetate solution, giving a volume of 12-15c.c. Precipitation 
of the sodium salt takes place in the ensuing thirty minutes, filtration, 
washing and weighing of the precipitate being carried out as described 
by Butler & Tuthill. Determinations were done in duplicate. 

Potassium analyses were carried out according to the method of 
Shohl & Bennett [1928]. 

Non-protein nitrogen. Blood was digested in a silica test-tube with 
phosphoric sulphuric digestion mixture, the product being directly 
nesslerized and determined by colorimetric comparison with a standard 
ammonium chloride solution similarly nesslerized. 

- The term sympathin [Cannon & Bacq, 1931] will be used to designate 
the adrenaline-like mediator of adrenergic nerve impulses, though the 


significance of this term, as later extended by Cannon & Rosenblueth 


[1933], has not met with general acceptance [Bacq, 1935; Eccles, 1936; 
Loewi, 1936]. 

The following abbreviations will be employed in the description of 
the experiments and legends of this paper: a.c.e. adrenal cortical extract; 
stim. stimulation or stimulated. 


RESULTS 
(1) Examination of cats in the terminal stage of adrenal insufficiency 
Signs of adrenal insufficiency, in order of their appearance, are loss of 


appetite, apathy and weakness. Weakness, in animals surviving up to 
two-weeks after adrenalectomy or cessation of extract injections, may be 
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apparent a day or two before death occurs. However, we have found that 
the blood pressure is but little below normal in animals in the early stage 
of weakness. The progress of weakness to the state of staggering indicates 
the onset of what we arbitrarily call the terminal stage of adrenal 
insufficiency. Except in occasional instances in which this is due to 
severe hypoglycaemia, it is associated with marked reduction in blood 
pressure and vascular failure is then demonstrable. The period of 
staggering is associated with a rapid fall in rectal temperature. It lasts 
a few hours, merging into the state of prostration when the animal is too 
weak to rise. | 

(a) Vascular failure. One of a group of six experiments carried ou 
under Elliott’s conditions is described in Exp. 1. 


Experiment 1. Cat 629 | 
16. xi. 38. Both adrenal glands removed. 2-21 kg. Received no adrenal cortical extract. 
25. xi. 38. Almost prostrate; staggers badly if placed on feet, then sinks to floor in 
unnatural position. Weight 2-1 kg. Rectal temp. 33°C. Etherized. s.r. 45 mm. Hg, 
falling to 24 mm. after section of splanchnics in thorax. Both splanchnics stim.: no effect 


Fig. 1. Fig. 2. ) 

Fig. 1. Exp. 1. Carotid blood pressure of an adrenalectomized cat (and in all other tracings). 
Ether. Terminal stage adrenal insufficiency. (a) Spl. both splanchnics stimulated in 
thorax. (b) Pitr. 2 units pitressin injected intravenously. 


Fig. 2. Exp. 1. Continuation of tracing in Fig. 1. Nic. 10 mg. nicotine injected. BaCl,, 
25 mg. barium chloride injected. Adr. 0-05 mg. adrenaline injected. 


- la). Adrenaline 0-05 mg. injected: B.P. Pitressin 
: questionable effect (Fig. 1b). Both 
0-05 mg. injected: B.P. rose from 22 to 110 mm. Hg. Atropine (bellafoline) 1 mg. injected. 
Adrenaline 0-05 mg. injected 1 min. later: B.P. rose from 31 to 124 mm. Hg, Nicotine 10 mg. 
injected 8 min. after atropine: B.P. changed 36—34—39 (Fig. 2). BaCl, 25 mg. injected: 
B.P. rose from 27 to 38 mm.; fell quickly (Fig. 2). Adrenaline 0-05 mg. injected: B.P. rose 
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from 26 to 146 mm. Hg (Fig. 2). Blood drawn: ee ee 
100 c.c.; non-protein nitrogen 83-5 mg./100 c.c. 

Autopsy. Small ares of infection at upper end of abdominal incision shout 1 om. in 
diameter. Pancreas congested. Gastric mucosa congested; two or three punctate ulcers 
near pylorus. No residual cortical tissue 


- While these results are similar to those obtained by Elliott, many of 
our cats examined in adrenal insufficiency (e.g. Exps. 2-4) do not show 
quite so marked a vascular paralysis as that observed by him. This 
probably is due to the fact that the experiments were begun slightly 
earlier in the decline of the animal, during the period of weakness that 
immediately precedes the shorter period of prostration. We intentionally 
adopted the expedient of beginning earlier since we had lost a number 
of animals by waiting for the period of prostration when death occurred 
on administration of the anaesthetic or from a failing circulation before 
any records could be obtained. 

Exps. 1-4 should be compared with the results on controls in Table I 
and also with Exps. 5 and 6. } 


tion of the peripheral cut end of the right great splanchnic nerve in the abdomen and 
to the injection of various pressor drugs. Record of systolic blood pressure before each 
procedure and at point of maximal rise, in mm. Hg. : | 


Right chnic 

Catt nervestimulation Adrenaline Pitressin Barium chloride 
no, 30 sec. 0-02 mg. 2 units 25 mg. 
83 114-162 115-196 98-144 110-190 
80-152 90-176 73-153 90-200 

92 102-160 92-156 110-142 a 

93 101-206 116-226 120-194 138-256 
97 106-148 92-196 90-142 108-221 


* Operation less than 1} hr. prior to recorded observation. 
+ Anaesthetic, nembutal: except no. 93 which was under “dial’’. 
t Cat in poor state of nutrition—thin. 


It was desirable to eliminate the possibility that the shock of the 
operation of adrenalectomy or the occurrence of infection then acquired 
was the cause of the vascular paralysis. This was done by treating animals 
with cortical extract for a period after operation until the pre-operative 
weight had been regained and the wounds were obviously free of infection. 
Thereafter extract was withheld. In cats so treated symptoms of final 
collapse did not appear as early as in those which did not receive extract 
after operation. As shown by the following two experiments, the vascular 
paralysis observed, in the terminal stage was just as marked, however, 
as in the untreated cats at the same stage. 
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Experiment 2. Cat 99 

7.x. 35. Second adrenal removed. Received daily injection of adrenal cortical extract 
for 6 days. 

13. x. 35. Last day of injections. Weight 2-79 kg. 

25. x. 35. Weak; gait staggering; weight 2-41 kg. Etherized: s.r. 85 mm. Hg, falling to 
20 mm. after section of splanchnics in thorax. Adrenaline 0-02 mg. injected: B.P. rose fron 
20 to 60 mm. Hg. Both splanchnics stim. peripherally in thorax—coil distance 12 cm.: no 
effect. Adrenaline 0-02 mg. injected: b.P. rose from 20 to 74 mm. Hg. Left 
stim.—coil distance 6 cm.: B.P. rose from 20 to 26 mm. Hg. Pitressin 2 units injected: 
B.P. rose from 20 to 42 mm. Hg, falling to 33 mm. 70 sec. later. Adrenaline 0-02 mg. 
injected: B.P. rose from 34 to 114 mm. Hg. Atropine 5 mg. injected: s.r. fell rapidly so 
more adrenaline injected. Nicotine 20 mg. injected 5 min. after atropine: B.P. rose from 
34 to 44 mm. Hg. Pitressin 2 unite injected: B.r. rose from 30 to 34 mm. Hg; fell after 
30 sec. Adrenaline 0-02 mg. injected: B.P. rose from 23 to 76 mm. Hg. Autopsy revealed 
no residual cortical tissue. Blood: serum sodium 287 mg./100 c.c. 


Experiment 3. Cat 113 
1, x. 35. Both adrenals removed by abdominal route. Received adrenal cortical extract 
for 19 days. 
20. x. 35. Weight 2-95 kg. 
30. x. 35. Weak; gait staggering; weight 2-5 kg. Rectal temp. 35-2° C. Etherized: 3. . 
52mm. Hg. Left vagus stim. momentarily: heart slowed and 8.P. fell 10 mm. Hg. Adrenal- 
ine 0-02 mg. injected: B.p, rose from 56 to 100mm. Hg, returning to 56 and falling to 


Fig. 3. , Fig. 4. 
Fig. 3. Exp. 3. Ether. Terminal stage adrenal insufficiency. Spl. both splanchnics stim. 
in thorax. Piir. 2 unite pitressin injected. Adr. 0-04 mg. adrenaline injected. Last 
signal, atropine 5 mg. injected. 


Fig. 4. Exp. 3. Continuation of tracing in Fig. 3. Nic. 20 mg. nicotine injected. 
25 mg. barium chloride injected. ee gute 


24 mm. Hg after section of splanchnics in thorax. dietance 
12 cm.: no effect. Stim. again—coil distance 10 cm.: no effect. Adrenaline 0-02 mg. 
injected: B.P. rose from 20 to 56 mm. Hg. Both splanchnics stim.—coil distance 8 cm.: no 
effect. Stim. again—coil distance 6 cm.: B.P. rose from 24 to 33 mm. (Fig. 3). Pitressin 
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2 units injected: B.P. rose from 23 to 42 mm. Hg (Fig. 3). Adrenaline 0-04 mg. injected: 
B.P. rose from 42 to 140 mm. Hg (Fig. 3). Atropine 5 mg. injected. Nicotine 20 mg. 
injected 4} min. later: B.P. rose from 40 to 50 mm., falling in the next 2 min. to 26 mm. Hg - 
(Fig. 4). Barium chloride 25 mg. injected: B.P. rose sharply from 26 to 46 mm. Hg and 
slowly to 53 mm. Hg (Fig. 4). Still 42 mm. Hg 12 min. later when next injection given. 
Pitressin 2 unite injected: B.P. rose sharply from 42 to 48 mm. Hg; fell 20 sec. later to 
34mm. Hg, rising more slowly to 44mm. Hg. Adrenaline 0-04 mg. injected: B.P. rose 
from 44 to 125 mm. Hg. Autopsy revealed no residual cortical tissue. Blood: serum sodium 
315 mg./100 c.c.; non-protein nitrogen 123 mg./100 c.c. : 

(6) Effectiveness of stimulation of the cervical sympathetic. The defective 
response from sympathetic nerve stimulation, as Elliott pointed out, does 
not seem to be shared by those fibres supplying the eye. This has been 
confirmed by stimulation of the peripheral cut end of the cervical 
sympathetic (preganglionic) with resulting immediate dilatation of the 
pupil and powerful contraction of the nictitating membrane (n.m.). In 
two animals exhibiting signs of severe insufficiency the contraction of 
the n.m. was well sustained by continuous stimulation for more than two 
hours, though splanchnic nerve stimulation produced only a slight and 
briefly sustained rise in blood pressure in each case. 

Experiment 4. Cat 199 

16. xi. 35. Second adrenal removed. Received daily injections of adrenal cortical 
extract for 76 days. 

31. i, 36. Last day of injections. 3-12 kg.; had gained 520 g. 

13. ii. 36. Weak; can barely stand; 2-48 kg. Rectal temp. 31:1°C. Nembutal 40 mg. 
intravenously . Head fixed in Czermak holder. Right cervical sympathetic chain isolated 
and cut. Right n.m. attached to lever with 10-fold magnification and weight of 4 g. 
Peripheral end right cervical sympathetic stim. continuously—coil distance 6 cm.: n.m. 
contracted instantly, the writing point recording a rise of 55 mm. and pupil dilated. After 
2 hr. stim. height of recorded contraction still 30 mm. and at 2} hr., when stim. terminated, 
10mm. above starting level. Carotid cannula inserted: 40mm. Hg. Adrenaline 
0-02 mg. injected: B.P. rose from 46 to 126 mm. Hg. Right great splanchnic isolated and 
cut below diaphragm, then stim.: 8.P. rose from 48 to 62 mm. Hg. Adrenaline 0-02 mg. 


injected: B.P. rose from 45 to 146 mm. Hg. Right great splanchnic stim. as before but.for — % We 


90 sec.: B.P. rose from 52 to 68 mm. Hg and had fallen to 56 mm. by end of 90 sec. stim. 
Pituitrin 0-2 c.c, (B. and W. infundin) injected: B.P. rose from 48 to 72 mm. Hg; sustained — 
effect. Autopsy revealed no residual cortical tissue. Blood: serum sodium 305 mg./100 c.c.; 
non-protein nitrogen 165 mg./100 c.c. 


Experiment 5, Cat 22 3 

14. x. 37. Second adrenal removed. Received adrenal cortical extract for 10 days. 

24. x. 37, Last injection of adrenal cortical extract. Weight 4-36 kg. 

3. ii. 37. Staggers badly when forced to walk. Weight 4-12 kg. Rectal temp. 35-5° C. 
‘Ether. Blood drawn from carotid. Urethane 1-3 g. intravenously. B.P. at outeet 82 mm. 
Hg. Right splanchnic nerve! stim. continuously for 9 min.: B.P. rose 83 to 120 mm. Hg in 

1 Continuous stimulation of a splanchnic nerve in acutely adrenalectomized or adrenal- 


ectomized, extract-treated cats will maintain the B.P. above pre-stimulation level from 
35 to 70 min. 
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90 sec., then declined to 83.mm. Hg by end of 7 min. Right n.m. set up as in Exp. 4, except 


lever magnification x15. Right cervical sympathetic nerve stim. continuously: n.m. 
_ contracted instantly; maximal recording of lever writing point of 203 mm. attained in a 
few sec. At about 45 min, and again 65 min. after stim. started, n.m. relaxed to within 
60 mm. of starting point. Shifting of electrodes and moistening nerve resulted in immediate 
return to previous level. 2 hr. 12 min. after stim. started, recorded contraction of n.m. 
146 mm. Stim. stopped: n.m. relaxed in 10 min. to 25 mm. above starting point; B.P. then 


70 mm. Hg. Autopsy revealed no 


residual cortical tissue. 


In other experiments in which the blood pressure response to splanch- 


nic nerve stimulation was entirely absent it was found that stimulation — 


of the cervical sympathetic produced strong contraction of the n.m. (e.g. 
Exp. 8, Fig. 5). The actual height of contraction was less than that in 
other animals at the same stage of adrenal insufficiency as well as in 
controls. However it should be emphasized that there is so great a 
variation in the height of contraction obtained in different animals that 


no direct comparison can be made and, therefore, it is not safe to assert 


that the response was less than normal though we suspect that may be 
so in this case. 


(c) Effect of replenishing the depleted blood volume on vascular responses. 


There undoubtedly is a marked reduction in blood volume due to plasma 
water loss in the terminal stage of adrenal insufficiency. (For references, 
see Swingle, Vars & Parkins [1934].) With this haemoconcentration is 
associated a marked constriction of peripheral vessels, a condition in- 
variably accompanying the decline of the animal. No doubt these two 
factors account to some extent for the frequently diminished pressor 
response to adrenaline which at times may be only about half of that 
seen in controls acutely adrenalectomized. However, 0-04 mg. adrenaline 
in these cases (e.g. Exp. 3) will usually elicit a rise of pressure as great as 
that produced by 0-02 mg. in controls. We have found that, if an animal 
with adrenal insufficiency is given an intravenous infusion of an amount of 
saline calculated to restore its blood volume to a normal figure, the effect 
of 0-02 mg. adrenaline then approximates that elicited by 0-04 mg. prior 
. to the infusion. Restoration of the blood volume, however, does not 
affect the response to splanchnic nerve stimulation similarly. In three 
experiments we found no substantial difference before and after the 
infusion. In one other (Exp. 6) a blood pressure rise of 30 mm. Hg was 
obtained on stimulation of the right splanchnic following the intra- 
venous injection though none had been obtained on stimulation prior 
to the administration of the saline. The effect of replacement of the 


diminished plasma volume with saline on the pressor response to pitressin 
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or barium chloride is difficult to assess since the second injection of these 
drugs within a short space of time is vitiated by the effect of the initial 
injection. These points are demonstrated in the following experiments. 


Experiment 6. Cat 703 

23. xi. 38. Both adrenals removed, 3-88 kg. Received no adrenal cortical extract, 

26. xi. 38. Almost prostrate; weight 3-7kg. Rectal temp. 340°C. Etherized: B.P. 
60 mm. Hg, falling gradually. Right splanchnic stim. in abdomen: B.P. rose from 45 to 
55 mm. Hg. Adrenaline 0-04 mg. injected: B.p. rose from 45 to 120 mm, Hg. Pitressin 
2 units injected: B.r. fell from 52 to 42 mm. Hg, then rose to 60 mm. Hg. Normal saline 
40 o.c. injected intravenously over interval of 3 min.: negligible increase in B.P. Right 
splanchnic stim. in abdomen 9 min. later: 3.P. rose from 60 to 74mm. Hg. Adrenaline 
0-04 mg. injected 14 min. later: B.P. rose from 54 to 194 mm. Hg. Pitressin 2 units injected: 


no effect. Barium chloride 25 mg. injected: B.P. rose from 25 to 90 mm. Hg. Autopsy 
- revealed no residual cortical tissue. No blood obtained. 


Experiment 7, Cat 713 
24. xi. 38. Both adrenals removed. Weight 2:34 kg. Received no adrenal cortical extract. 
27. xi. 38. Prostrate. Weight 2-20 kg. Rectal temp. 29-0° C. Etherized. 3.P. at outset 
28 mm, Hg. Right splanchnic stim. in abdomen for 30 sec.: no effect. Adrenaline 0-04 mg. 
injected intravenously: B.P. rose from 24 to 98 mm. Hg. Pitressin 2 units injected: B.P. 
rose from 48 to 54 mm. Hg. Normal saline 30 c.c. injected intravenously: 8.P. rose from 52 
to 88mm. Hg. Right splanchnic stim. in abdomen 6} min. later: B.P. rose from 94 to 
130 mm. Hg. Adrenaline 0-04 mg. injected intravenously: B.P. rose from 94 to 182 mm. Hg. 
Pitressin 2 units injected intravenously: 8.P, rose from 104 to 112mm. Hg. Autopsy 

revealed no residual cortical tissue. No blood obtained. 


Unfortunately no haematocrit or other blood analyses were made on 
these animals. It was felt that the severity of their condition would not 


safely permit withdrawal of blood. However, the amount of saline given 


should have restored the blood volume to approximately normal if the 
haemoconcentration did not exceed the usual degree of change which we 
have found to be about 15% by haematocrit. Calculation of the blood 
volume was made on the basis of the figure of 6-2% of body weight 
obtained by Went & Drinker [1929]. 

(d) Locus of action of adrenaline. Since it might be argued that the 
retention of a pressor effect by adrenaline was due to its effect on the 
heart alone, we have taken simultaneous records of blood pressure and 
gut volume during the injection of adrenaline in cats in severe adrenal 
insufficiency. As shown in Fig. 6, adrenaline caused marked diminution 
of gut volume due to vasoconstriction which could be seen to be taking 
place through the glass top of the plethysmograph. We hope to publish 
more data on this type of study at a later date. However, this result 
indicates that the dilated splanchnic vessels are still capable of contracting 
—to adrenaline, at least. 
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Experiment 8. Cat 1253 

17, x. 38. Both adrenals removed. Weight 4-2 kg. Maintained on adrenal cortical 
extract for 14 days. 

1. xi. 38. Adrenal cortical extract discontinued. Weight 4-3 kg. 

15. xi. 38. Prostrate. Weight 3-4kg. Rectal temp. 32°C. Nembutal 30 mg. intra- 
venously. Set up as in Exp. 4, except lever magnification x 15. B.P. at outset 20 mm. Hg. 
__ Right splanchnic stim. in abdomen: no effect. Adrenaline 0-04 mg. injected: B.P. rose from 
20 to 127 mm, Hg. Right cervical sympathetic stim. 2 min.: height of recorded contraction 


Fig. 5. | Fig. 6. 


Fig. 5. Exp. 8. Nembutal. Terminal stage adrenal insufficiency. Upper tracing of record 
of contraction of nictitating membrane, lower of 3.p. OC. Sym. right cervical sympa- 
thetic chain (cut) stim. peripherally for about 110 sec., not 135 sec. as indicated by 
signal. R. Spl. right splanchnic nerve stim. 

Fig. 6. Continuation of tracing in Fig. 5, but instead of n.m. thin line upper tracing now 
of plethysmograph of gut. Adr. 0-04 mg. adrenaline injected. B.P. rose and some 165 sec. 
later gut volume falls as vessels seen blanching. 


of n.m. 61 mm. (Fig. 5). Right splanchnic stim.: questionable 8.P. effect (Fig. 5). Gut 


placed in plethysmograph. Adrenaline 0-04 mg. injected: B.P. rose from 24 to 130 mm. Hg; — 


gut volume diminished markedly (Fig. 6). Blood taken from abdominal aorta after death: 
non-protein nitrogen 118 mg./100 c.c. Autopsy revealed no cortical tissue. 


(2) Sympathetic nerve and pressor responses in cortical extract- 
treated, adrenalectomized cats 
Adrenalectomized cats, maintained in health many weeks by daily 
injections of cortical extract, show no impairment in the capacity to 
exhibit a rise in blood pressure in response to splanchnic nerve stimulation 
or to the injection of pressor drugs. This is demonstrated in Exps. 9 and 
10 and in Figs. 7-10. 
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Experiment 9. Cat 253 © 

1. xi. 35. Second adrenal removed. Received daily injections of adrenal cortical extract 
over a period of 90 days, accurate assay of the hormone requirement being made. Had gained 
800 g. after 80 days on adrenal cortical extract when a small subcutaneous infection 
developed at an injection site. A loss of 300 g. occurred in the following 10 days. Though 
the animal still appeared well, to overcome the infection wholly and render it fit for assay 
work the administration of an extravagant amount of a.c.e. would have been necessary. 
Consequently an acute experiment was done on the 90th day. 


Fig. 8. Fig. 9. 
Fig. 7. Exp. 9. Nembutal. Extract-treated cat not in adrenal insufficiency. Adr. 0-02 
adrenaline injected. 
Fig. 8. Exp. 9. Continuation of tracing in Fig. 7. Pitr. 2 units pitressin injected. 
Fig. 9. Exp. 9. Continuation of tracing in Fig. 8. Nic. 10 mg. nicotine injected. 


30. i. 36. Last adrenal cortical extract injection about 4hr. previously. Weight 
4-43 kg. Nembutal 140 mg. intravenously. Set up for stim. of right cervical sympathetic 
and recording of right n.m. contraction as for Exp. 4 except for lever which had magnifica- 
tion of x15. Immediate recorded contraction of n.m. on stim. 80 mm.; after 2 hr. stim. 
40 mm.; at end of 3 hr. 30 mm., when stim. terminated. Carotid cannula inserted: B.P. 
130 mm. Hg. Adrenaline 0-02 mg. injected: B.P. rose from 144 to 230mm. Hg, with 
marked slowing (Fig. 7). Right great splanchnic stim. in abdomen as in Exp. 4—coil 
distance 9cm.: B.P. rose from 154 to 190 mm. Hg. Dial 0-5c.c. intravenously since 
anaesthesia too light: B.P. fell to 35 mm. Hg; artificial respiration. Adrenaline 0-02 mg. 
injected: B.P. rose from 28 to 200 mm. Hg; 7 min. later B.P. 102 mm. Hg. Pitressin 0-2 ¢.c. 
injected: B.P. rose from 102 to 174 mm. Hg; fell sharply to 124 mm., showing marked 
slowing of heart; then rose slowly to 184 mm. Hg (Fig. 8). Atropine 5 mg. injected. 
Nicotine 10 mg. injected 2 min. later: B.P. rose from 110 to 224 mm. Hg (Fig. 9). Autopsy 
revealed no residual cortical tissue. Blood analysis not done since 8 days previously when 
values normal. 


PH. XCVI. 11 


> 
ry 
‘a 
g 
i 
aS 
; 
of y 
7 
a 
2 
“veg 
/ 
a4 + 
z 
> 
“aa 
A 
of 
v4 
— 


158. J. ARMSTRONG AND OTHERS 


Experiment 10. Cat 389 

2. xii.35. Second adrenal removed. History similar to cat in Exp. 9. Had gained 450 g. 
after 55 days on adrenal cortical extract. Loss of 215g. in next 6 days associated with 
two small foci of infection subcutaneously. Acute experiment done on 61st day. 

1, ii. 36. Last injection of adrenal cortical extract 18 hr. previously. Weight 3-18 kg. 
Nembutal 75 mg. intraperitoneally. Set up as in Exp.9. Immediate recorded contraction 
of n.m. on stim. 120 mm.; still 78 mm. at end of 3 hr. when stim. terminated. Carotid 
cannula inserted: s.r. 100 mm. Hg; fell slowly but steadily. Right great splanchnic stim. 
in abdomen—coil distance 12 cm.: B.P. rose from 70 to 92 mm. Hg; sustained. Coil distance 
9 cm.: B.P. rose from 62 to 120 mm. Coil distance 6 cm.: B.P. rose from 54 to 114mm. Hg. 


Fig. 10. Exp. 10. Nembutal 100 in adrenal insufficiency. 

R. Spl. right splanchnic nerve stim. 
(Fig. 10). Pituitrin 0-2 c.c. (B. and W. infundin) injected: B.P. rose from 48 to 132 mm. Hg. 
Atropine 5 mg. injected. Nicotine 10 mg. injected 3} min. later: B.P. rose from 64 to 144 mm. 
Hg. Adrenaline 0-02 mg. injected: B.P. rose from 40 to 166 mm. Hg; no slowing. Autopsy 
revealed no residual cortical tissue. Blood: non-protein nitrogen 46-5 mg./100 c.c. 
It appears from these experiments that the absence from the circula- 
tion, even for a long time, of adrenaline secreted by the adrenal medulla 
does not impair the responsiveness of the cardiovascular bed nor the 
capacity of the n.m. to exhibit sustained contraction on stimulation of its 
nerve. The amount of adrenaline contained in the extract injected did not 
exceed 4g. daily. Elliott [1914] describes finding good vascular responses 
nine weeks after adrenalectomy in a cat in which prolongation of life was 
probably due to the accessory cortical tissue found at autopsy [Elliott’s 
Exp. 1]. This is in agreement with our finding. 
Certain qualitative differences in blood pressure response were found 


controls. The pressor response to splanchnic nerve stimulation was often 
found to persist considerably longer after cessation of the. stimulus than 


in the extract-treated animals compared with acutely adrenalectomized — 


a 
ide 
\ 
oF 
4 
‘ 
a 
wh 
4, 
“4 
“4 
4 
4 
= 


VASCULAR FAILURE IN ADRENAL INSUFFICIENCY 159 


in acutely adrenalectomized controls. This persistence of a pressor effect 
was observed by Hoskins & Wheelon [1914] some hours after adrenal- 
ectomy in the dog. Vagal slowing after injection of pressor drugs was 
more marked at times than in controls acutely adrenalectomized. 


Discussion 


The results of our study of cats dying of adrenal insufficiency agree, 
in general, with Elliott’s findings. We have not investigated stimulation 
of the pelvic visceral nerve, however. That lowered body temperature 
might be the cause of vascular paralysis in adrenal insufficiency was 
considered by Elliott [1914] and dismissed. Our experiments do not 
indicate any correlation between the temperature of the animal and the 
vascular responses. Paralysis may be just as severe when the rectal 
temperature is 35-2° C. as in Exp. 3, as when it is 31-1° C. as in Exp. 4. 
Conversely, in animals with temperatures of 33 and 34°C. before the 
final weakness had set in, we have obtained responses to nerve stimulation 
and to drugs which, though less than normal, were still good. Finally, 
the same type of paralysis has been observed in dogs in adrenal insuffi- 


ciency in which the body temperature was little below normal even 


though the animal was prostrate [Armstrong, Cleghorn & McVicar, 1937, 
1939; Cleghorn, Armstrong & Austen, 1938}. 

Evidence has been submitted that the failure of splanchnic nerve 
stimulation and pressor drugs to cause the customary rise in blood 
pressure in the terminal stage of adrenal insufficiency is dependent, at 
least only to a slight degree, on the marked reduction in blood volume 
and attendant increase in viscosity of the blood at this stage. In addition 
to this we have noted (unpublished observations) that the same degree of 
haemoconeentration and variation in plasma electrolytes may exist just 
prior to the onset of the final weakness and fall in blood pressure, and yet 
good pressor responses be found. This is a strong argument against 
mechanical or electrolyte changes in blood being of more than minor 
importance. Further evidence against the electrolyte changes in blood 
or tissues in adrenal insufficiency being directly responsible for the 
apparent splanchnic nerve paralysis seems to lie in the persisting effective- 
ness of cervical sympathetic stimulation in animals showing a marked 
degree of failure in the vascular response to splanchnic nerve stimulation, 
e.g. Exps. 4 and 8. 

Reduction in the rate of circulation of the blood, which has been 
shown to exist in adrenal insufficiency by Harrop, Weinstein, Soffer & 
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Trescher [1933] and others, is possibly an important change contributing 
to the poor vascular responses. In so far as splanchnic nerve stimulation 
is concerned, this would probably impede only the rate of change in 
blood pressure if vasoconstriction occurred to the usual degree. 

Some light on splanchnic paralysis may be gained by a consideration 
of post-mortem findings in adrenal insufficiency; the typical picture 
is described briefly in Exp. 1. In addition to constriction of peri- 
pheral vessels, there is evidence of dilatation of many of the vessels 
in the splanchnic region. The pancreas is congested very obviously, as 
also are the mesenteric vessels and mucosa of the stomach, small intestine 
and, at times, of the large bowel as well. These findings have been 
described by many workers and frequently observed by us. Obviously 
the customary tonic vasoconstrictor influence exerted by the splanchnic 
nerves in this region is in abeyance in the presence of lowered blood 
volume and pressure. This is contrary to what one would expect. That — 
vasoconstriction is not present in the splanchnic region where the capacity 
for constriction is normally great means that either a central or a peri- 
pheral mechanism is at fault. There is evidence that anoxaemia affects 
carotid sinus pressor reflexes [Gellhorn & Lambert, 1938] and this may be, 
in part, the reason for the absence of vasoconstriction in the splanchnic 
region in adrenal insufficiency. Defective function of carotid sinus re- 
flexes can hardly be more than a minor cause of this and, as already 
pointed out, the low blood pressure for electrical stimulation of the 
splanchnic nerve fails to elicit a response comparable to that found in 
controls. Therefore the dilatation of splanchnic vessels must be due to 
another physiological fault, or faults. The site of this fault might lie in the 
sympathetic ganglia which are exposed to the same degree of anoxaemia 
as the carotid sinus. Possibly the low blood pressure per se might also 
contribute to a ganglionic failure. When the blood pressure is below a 
level of 30-40 mm. Hg spinal reflexes are unobtainable, a fact we have 
demonstrated in cats in adrenal insufficiency under urethane anaesthesia. — 
It does not necessarily follow that transmission of impulses across 
sympathetic ganglia simultaneously become defunct: evidence supplied 
by Schroder [1907] indicates that sympathetic ganglion cells are more 
resistant to anaemia than cells of the spinal cord or bulb. Certainly, in 
adrenal insufficiency the superior cervical ganglion is still capable of 
transmitting impulses even when the blood pressure is below 40 mm. Hg, 
e.g. Exp. 8. Therefore, unless one postulates that thoracic and abdominal 
ganglia suffer a degree of deterioration in function not shown by the 
superior cervical ganglion, it is not possible to explain the splanchnic 
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nerve failure on the basis of impaired ganglionic function. This seems to 
be an unjustifiable assumption. 

Exhaustion of the chemical transmitter of adrenergic nerve impulses 
in the splanchnic region seems to be a more likely explanation for the 
apparent paralysis of the splanchnic nerves than ganglionic failure. 
Results with nicotine indicate that cardio-accelerator and adrenergic 
vasomotor nerves other than the splanchnic are also defective in adrenal 
insufficiency. The fact that the sympathetic fibres supplying the eye in 
these animals are not affected, at least to anything like the same degree, 
seems to be at variance with the results of Secker [1938]. This worker 
found that the n.m, response to repeated stimulation of the cervical 
sympathetic fails much more quickly in cats whose adrenals have been 
removed immediately prior to the period of stimulation than in intact 
animals, 

The reason for the virtual paralysis of vasoconstrictor and cardio- 
accelerator nerves, which in the cat finally results from adrenal insuffi- 
ciency, is probably dependent on the sustained activity of these nerves. 
In all likelihood, the stimulus for this activity lies in a diminution of 
blood volume due to water loss, which occurs early after removal of the 
influence of adrenal cortical hormone from the body. This loss of water 
from the blood is progressive and probably leads to reflex vasoconstriction 
and increase in heart rate by virtue of carotid sinus and other mechanisms. 
It would not be surprising, therefore, if those adrenergic nerve endings 
concerned with the maintenance of blood pressure became exhausted 
while those to the n.m., not having a vasomotor function, were spared. 
There might also be a reduction in the rate of production or imperfect 
metabolism of sympathin in the absence of the cortical hormone, which 
would accelerate the exhaustion of sympathin. : 

Direct evidence on the amount of sympathin liberated by adrenergic 
nerve stimulation in adrenal insufficiency is desirable. This we have 
endeavoured to obtain by utilizing the denervated n.m. as an indicator 
of circulating sympathin released on stimulation of a suitable nerve. 
It is hoped to deal with this aspect of the problem in a subsequent 
publication. 

Pitressin and barium chloride. would, under normal circumstances, 
exhibit a powerful influence on the dilated vessels of the splanchnic 
region, if not elsewhere. Loss of the local effect of these drugs, rather 
than general circulatory causes, might be the explanation of the loss of 
their pressor influence. Observations on the dog seem to support this. 
In this animal, responsiveness to pitressin frequently is lost early in 
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adrenal insufficiency, in fact but a few hours after adrenalectomy 
(unpublished observations). It might be argued that, while these drugs 
and splanchnic nerve stimulation are ineffective in the animal prostrate 
from adrenal insufficiency, the reason for the retention of a potent 
pressor effect by adrenaline lies in the cardiac action alone. The demon- 
stration that splanchnic vessels do constrict to adrenaline is conclusive 
. evidence that vasoconstriction contributes to the —— effect obtained 
with this drug. 


SuMMARY 


1. Some effects of stimulation of sympathetic nerves and of the 
injection of pressor drugs have been investigated in adrenalectomized 
cats in the terminal stage of insufficiency and in other adrenalectomized 
cats maintained in health for many weeks by adrenal cortical extract. 
2. In the terminal stage of adrenal insufficiency it was found, in 
confirmation of Elliott, that splanchnic nerve stimulation or the intra- 
venous injection of nicotine had but a negligible pressor effect. The rise 
in blood pressure following the injection of either pitressin or barium 
chloride also was much less than in controls and, in some instances, 
insignificant. Adrenaline, on the contrary, elicited a very marked rise in 
blood pressure and stimulation of the cervical sympathetic still caused 
dilatation of the pupil and strong and sustained contraction of the 
nictitating membrane. 

3. The intravenous injection of an amount of saline calculated to 
restore to normal the blood volume of a cat in adrenal insufficiency may 
be followed by a greater rise in blood pressure in response to a standard 
dose of adrenaline than before the infusion, but in three of four experi- 
ments the pressor response to splanchnic nerve stimulation was not 
improved, or only to a negligible extent, by this procedure. 

4. The injection of adrenaline in cats in adrenal insufficiency causes 
visible constriction of splanchnic vessels and an immediate decrease in 
the volume of the intestine as determined by the plethysmograph. 

5. The loss of the adrenal medulla cannot be held responsible for the 
impaired vascular response in adrenal insufficiency, for animals kept in 
good condition by cortical extract treatment after adrenalectomy show 
responses to brief stimuli and to drugs which, though exhibiting certain 
qualitative differences, compare favourably with results obtained on 
acutely adrenalectomized controls. 

6. It is suggested that an important factor contributing to the 
terminal low blood pressure and the failure of splanchnic nerve stimula- 
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tion and the injection of nicotine to cause much rise in blood pressure 
in the terminal stage of adrenal insufficiency may be exhaustion of the 
chemical mediator of impulses of cardio-accelerator and vasoconstrictor 
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ROTATORY MOVEMENTS OF THE APEX > 
OF THE EXPOSED MAMMALIAN HEART 


By K. J. FRANKLIN © 
From the Nuffield Institute for Medical Research, Oxford 


(Received 23 March 1939) 


On p. 30 in the fifth chapter of his book William Harvey [1628] printed 
the following words: “si quis...cordis motum diligenter in viva dis- 
sectione animadverterit, videbit, non solum...cor sese erigere, & 
motum unum fieri cum auriculis continuum, sed inundationem quanda, 
& lateralem inclinationem obscuram secundum ductum ventriculi 
dextri, & quasi sese leviter contorquere, & hoc opus peragere....’” The 
pertinent part of this sentence has been translated that there is also to 
be noticed in the heart “a certain obscure undulation and lateral inclina- 
tion in the direction of the axis of the right ventricle, as if twisting itself 
slightly in performing its work”’. Commenting in 1900 on this and the rest 
of the account of the exposed heart’s movements, L. Hill wrote that 
‘little can be added to Harvey’s admirable description”. He then went 
on to quote, as an example of a more recent statement, the account 
given by Sibson [1869]. In this we read that “When the ventricles 
contract they do so with a twisting movement... . There is a slight twist- 
ing movement of the whole heart during systole, both on its longitudinal 
and on its transverse axis. By its rotation on its transverse axis the 
apex of the heart is tilted forwards; by its rotation on the long axis, 
the left ventricle, which, during the diastole, looks backward, is turned 
forwards. The combination of the two movements gives to the apex a 
twisting movement from left to right and forwards.” More modern 
accounts are few in number, and the best that I have found is that given 
by Wiggers [1923]. This states that “‘When the heart is exposed in the 
open chest and the pericardium is removed. . .the base remains practically 
stationary [during systole] or moves upward slightly, but the apex 
moves upward to a marked extent. The entire heart is caused to rotate 
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from left to right by the oblique fibres and the apex is lifted forward.”’ 
When the pericardial attachments are preserved, Wiggers goes on, the 
ventricular movements are considerably modified, but even under these 
conditions, which he considers approximate to those obtaining within the 
intact thorax, there is anterior rotation of the apex, so this movement is 
not qualitatively affected. 

The present study of the apical twist was suggested not by these 
earlier accounts, but by some observations that I made when working 
with Prof. Robert Janker in Bonn in 1938. The experiments to be 
described were performed in order to obtain more precise information 
about the rotatory movements, as they appeared to be of some signi- 
ficance in connexion with other work that was being done in the Nuffield 
Institute. It may be objected that movements of the exposed heart are 
not physiological, and that only studies of the movements within the 
intact thorax are of value. While agreeing with this general view, we 
may perhaps make an exception, on the authority of Wiggers, in respect 
of the apical rotation. Further, the only technique that could be applied 
to the intact thorax would be a radiological one, and with ordinary 
radiological methods the actual apex cannot be identified [see Roessler, 
1937, p. 34]. Therefore, one would first have to mark the apex with 
_ pieces of metal wire or other radio-opaque indicators. Such a procedure, 
in my opinion (as also in that of Dr A. E. Barclay, Hon. Radiologist to 
this Institute), would almost certainly disturb the normal activity of the 
apical musculature, even if there were no post-operative adhesions or 
other complications to cause a departure from physiological conditions. 
It would appear, then, that a study of the rotation of the apex of the 
exposed heart is the nearest approach that one can make to the asians 
and as such the following account is here presented. 


Metnops 


The subjects used were two rabbits, four cats, and a melts The 
cats were anaesthetized by intraperitoneal injections of nembutal solution, 
the rabbits by subcutaneous, and the sheep by intravenous injections of 
urethane solution. In each case, after full anaesthesia had been obtained, 
the subject was put under artificial respiration and a large portion of the 
sternum and lateral thoracic walls was removed between ligatures to 
expose the heart. The pericardium was cut away at the beginning or 
soon afterwards, and a small piece of thread or.other suitable object was 
commonly placed across the apex of the heart to serve as a pointer. 
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The recording was done by ordinary cinematography (Ciné-Kodak 
Special) at 16, 32, and 64 frames per sec. Illumination was provided 
by four to six photo-flood lamps which were arranged, during the 
later experiments, within a single reflector. The apex of the heart was 


raised slightly during the photographing so that it should be fully 
visible. 


166 


RESULTS 


General. In all the subjects the apex of the heart was formed from the 
left ventricle only, and during ventricular contraction it rotated in an 
anti-clockwise direction. The degree of rotation varied with the indi- 
vidual, the maximum being of the order of 25°. The rotation that 
occurred during ventricular contraction was usually as brisk as, or 
brisker than, the rotation that occurred in the opposite direction during 
ventricular relaxation, but this was not invariably so. 

Particular. In one rabbit the twist was largely confined to the apical 
area of the left ventricle. In the other a large part of the left ventricle, 
and of the thin-walled portion of the right ventricle (which passes from 
its tip to the pulmonary valve along the interventricular septum, and may 
for brevity’s sake be styled ‘conus arteriosus” in the rest of this account), 
were involved in the rotation, but the remainder of the right ventricle was 
not noticeably affected. The interventricular sulcus on the ‘conus 
arteriosus” side was drawn inwards during ventricular contraction to a 
more marked extent than the interventricular sulcus on the opposite side. 

In the cats there was similar variability in the size of the ventricular 
area involved in the twisting, but in this species also the effect was most 
marked in the apical region. In one subject it was practically confined to 
this region, so that an apical cap appeared almost to be rotating on the 
rest of the ventricle. The reverse movement of this apical cap, during 
ventricular relaxation, was complete before the diastolic wave of blood 
“bumped” across the right ventricle. A similar picture was obtained in 
a lateral shot of the right ventricle in another subject. In the second cat 
a large portion of the left ventricle was involved in the contractile twist; 
it seemed as if the left ventricle wound itself up on its long axis. In the 
third animal a lateral view showed involvement of the whole of the left 
ventricle, though the movement was most marked at the apex. In the 
fourth cat the right ventricle seemed to rotate to some extent secondarily 
to the more active movement of the left ventricle. 

In the one sheep the rotation was mainly confined to the apex, but it 
_ is possible that the “conus arteriosus” of the right ventricle was also 
slightly affected. 
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Discussion 

One is tempted to link up this observed rotation of the exposed 
mammalian heart with the anatomical arrangement of the muscle fibres, 
but one must be a little guarded in making such an attempt, for most of 
the anatomical work has been done on the human heart, which differs in 
certain respects from the hearts of the laboratory species used in the 
present experiments. | 

If one reads the accounts given by Pettigrew, Tandler, Walmsley, 
Benninghoff, and others, one gets the general impression that the super- 
ficial vortical fibres of the ventricles, which course down towards the 
apex in a clockwise spiral, are more powerful than the internal fibres, 
which course back in the opposite spiral. The stronger external fibres, 
also, arise from the annuli fibrosi, etc., and the base of the heart, with 


_ its considerable attachments, is presumably not free to rotate in the way 


that the apex is free. The anatomical arrangement of the cardiac fibres is, 
therefore, such as would fit in with the physiological observations. But 
beyond this general statement it would be unwise to go far for, as Henle 
[quoted by Tandler, 1913] remarked: “Wenn die Beschreibung der 
Herzmuskulatur allgemein giiltig sein soll, so darf sie nicht tief in die 
Kinzelheiten eingehen.” In addition, it is possible that other factors 
beside the anatomical arrangement of the muscle fibres are concerned in — 
the apical rotation. g 


The apex of the exposed heart, in the mammalian species studied, 
has a tendency to rotate to a variable degree in an anti-clockwise direc- 
tion during ventricular contraction. 


A cinematograph film, containing typical excerpts from the experimental records, was 
projected before the Physiological Society at its meeting on 11 March 1939. 
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THE EFFECT OF TETANUS TOXIN ON THE 
CHOLINE ESTERASE ACTIVITY OF 
THE MUSCLES OF RATS 


By E. MARTINI, C. TORDA anp A. ZIRONI 


From the Department of Biochemistry, University of Milan and the 
Letituto Sieroterapico Milanese 


(Received 23 March 1939) 


THE theory of chemical transmission of motor impulses to the motor 
end-plates by acetylcholine has increased the interest in the choline 
esterase content of striated muscle. Changes in the choline esterase 
activity of striated muscles and other organs under different conditions 
have been reported by several authors. Nachmansohn [1938] and Torda 
__[19384, 6] have studied the development of choline esterase activity in 
the striated muscles of different animals before and after birth. We have 
found [Martini & Torda, 1937, 1938a, 6] in rats and dogs that the 
choline esterase activity of striated muscle diminishes greatly after 
degeneration of the motor nerves. Feng & Ting [1938] found a smaller 
decrease in denervated toad muscle. Marnay & Nachmansohn [1937] 
had found an increase in the choline esterase activity of denervated guinea- | 
pig muscle. This increase could, however, be attributed to the decrease in 5 
muscle volume [Couteaux & Nachmansohn, 1938], and when this factor ; 
was taken into account a slight decrease was demonstrable. Von 
Briicke [1937] found a great reduction in the choline esterase activity of 
the superior cervical ganglion in cats after denervation. We have also 
shown that the normal difference in choline esterase activity between the 
tibialis anterior and gastrocnemius [Martini & Torda, 1938c] disappears 7 
after removal of the cerebellum, owing to a reduction in the choline 
esterase activity of the tibialis anterior, and further [1938d] that during 
the first days following transverse section of the dorsal spinal cord of 
rats the relaxation of the gastrocnemius is associated with a reduction 
in its choline esterase activity which later, with me appearance of reflex 
activity, rises to a level above the original. 
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It was desirable to ascertain whether other changes in activity of 
muscle would induce similar changes in the choline esterase equivalent. 
These experiments were undertaken to determine the choline esterase 
activity of muscles from rats poisoned by tetanus toxin. 3 


METHODS 


The experiments were carried out on white rats. A sublethal dose of 
tetanus toxin in 2 c.c. was injected under the skin of one hind leg. The 
toxin used was prepared in the Istituto Sieroterapico Milanese. Groups 
of twenty animals were injected simultaneously and groups of two to 
four were killed at intervals during the following days for estimating the _ 
choline esterase activity of the gastrocnemius and tibialis anterior 
muscles of the hind leg. The animals were perfused with Ringer solution 
through the aorta, and the entire muscles were removed and finely 
minced. In several experiments the choline esterase activity of the 
spinal cord was also determined. | 

The choline esterase was estimated manometrically according to 


the method described by Ammon [1934]. 100 mg. of the tissue were 


placed in the main vessel of the Warburg apparatus: The side vessel 
contained 10 mg. of acetylcholine chloride in 0-5c.c. The hydrolysis 
took place in an atmosphere containing 959% N and 5% CO, at a 
temperature of 37° C. Measurements were taken every 15 min. and the 
hydrolysis was found to follow a linear curve. The choline esterase 
equivalent is expressed by the amount of acetylcholine in mg. hydrolysed 
by 100 mg. tissue in 1 hr. (Qoq 5. of Nachmansohn). The displacement of 
140 c.c. CO, corresponds to the destruction of 1 mg. of acetylcholine. 


EXPERIMENTAL 


One to two days after the injection of the toxin a characteristic con- 
dition of contraction developed in the hind leg on the injected side, 
whereas the other leg remained unaffected. The contraction in the 
gastrocnemius became fully developed within 4-6 days and remained so 
during the following weeks. In some instances the amount of tetanus 
toxin injected was too large and the contractions gradually spread over 
the whole body. These animals were not used. 

- In confirmation of our earlier experiments we found that the choline 
esterase equivalent of the right and left gastrocnemius and of the right 
and left tibialis anterior muscles does not differ by more than 10% and 
mostly by not more than 5%, but that the tibialis anterior always yields 
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a higher choline esterase equivalent than the gastrocnemius. In eight 
control experiments the choline esterase equivalent of the gastrocnemius 
varied between 0-615 and 0-689 (average 0-654), and that of the tibialis 
anterior between 0-839 and 1-090 (average 0-917). Further comparisons 
are given by the means and standard errors given in Table I. After the 
injection of tetanus toxin and the development of contraction in the 
gastrocnemius the difference in the choline esterase content of the 
antagonistic muscles diminishes and may disappear; that of the gastroc- 
nemius increasing and that of the tibialis decreasing. These changes 
occur within the first 24 hours after the injection. The results are 
tabulated in Table I. The figures represent mean values on from three 
to fourteen rats, the number of animals being given in column 1. When 
more than four animals were examined they were from different batches 
of injected rats. : 


Tasuz I. Choline esterase equivalent of rat’s gastrocnemius and tibialis anterior 
muscle. The figures are for the means and their standard errors 


mg. of acetylcholine hydrolysed by 100 mg. muscle in 1 hr. 


Days after — 
i Normal side Injected side 
No. of oftetanus A 
rats toxin us Tibialis Gastrocnemius Tibialis 
8 0-65440-010  0-917+0-009 
4 1 0-67740-011 0-92240-015 0:74840-013  0-833+0-013 
14 2 0-670+0-012 092710019 0-792+0-012 
12 3 0-664+40-010 091540006 0-75240-022 0-800+0-018 
8 4 0-646+0-015 090540015  0-765+40-022 0-779+0-026 
2 5 0-648+0-004 001740009  0-794+0-050 .--0-800+0-040 
6 6 0-676+0-013  0-913+0-011 0°77240-010  0-810+0-019 
6 7 0-618+0-013 0-88340-019  0-73940-024  0-789+0-027 
6 8 0-661+0-007 0-937+40-030 0-81540-028  0-862+0-042 
4 9 0-651+0-005  0-88240-009  0-800+40-019  0-798+0-007 
3 10 0-607+0-011 091840027 0-72540-040 0-809+40-024 
3 14 0-602+0-008  0-677+40-016 0-749+0-008 
3 19 0-690+0-026 090440019 0-80140-034  0-804+40-015 


Tazz II, Choline esterase equivalent of spinal cord of rats injected with tetanus 
toxin. The figures are for the means and their standard errors 


Days after ‘mg. of 100 mg. tissue 
No. of of tetanus r 
8 — 4-237 +0-093 4-908 +0-204 

12 1-4 4-277 +0-245 5-089 +0-122 
18 5-19 5-174 +.0-155 5-471 +0166 


The choline esterase equivalent of the spinal cord is much higher and 
the individual variation is greater than that of muscle. For instance, in 
the eight control experiments (Table II) it varied between 3°72 and 4:54 
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for the cervical and between 4-29 and 5-66 for the lumbar cord. Despite 
these individual variations the results in Table II show that, at least in 
the later stages of the intoxication, there is no diminution in the choline 
esterase content of the spinal cord. The figures in Table II also represent 
the mean values and standard error of the means obtained from the 
number of rats examined. 
SUMMARY 

1. The choline esterase equivalents of the gastrocnemius and tibialis 

anterior muscles and also of the spinal cord of rats were determined 


_ manometrically before and after an injection of tetanus toxin. 


2. The choline esterase content of the gastrocnemius increases, that 
of the tibialis anterior decreases. Thus the difference in the choline 
esterase content of these antagonistic muscles which is observed in 
untreated animals disappears. There is no diminution in the choline 
esterase content of the spinal cord. — 
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THE ABSORPTION OF MONOSACCHARIDES FROM 
THE LARGE INTESTINE OF THE RAT UNDER 
| URETHANE ANAESTHESIA 


By J. N. DAVIDSON anp R. C. GARRY 4 | 


the Physiology Department, University College, Dune, 
The University of St Andrews 


(Received 11 April 1939) 


Ir is generally assumed that the large intestine can absorb water and 
simple solutes, such as salts and monosaccharides, in fairly large quanti- 
ties, but conclusive experiments to settle this point are not easy to 
= and the results are equivocal. For example, Carpenter [1925] found 
he human colon could absorb considerable quantities of glucose 
pe rectal enemata, and a similar conclusion was reached by Curry & 
- Bargen [1935] using human patients with a colostomy. On the other | 
hand, Scott & Zweighaft [1931] and Pressman [1930] found no riseinthe  §] 
blood-sugar levels following the rectal administration of glucose to man. | 
From loops of the colon in the dog, Burget, Moore & Lloyd [1933] found a 
definite absorption of glucose, while McNealy & Willems [1929] and 
Ebeling [1933], also using dogs, found that only extremely small amounts 
were absorbed. 

_ The absorption of monosaccharides from the small intestine, however: 
has recently been the subject of extensive investigations chiefly by Cori 
[1925] and by Verz4ér & McDougall [1936]. These workers found the rat 
an ideal experimental animal for their purpose and obtained results which 
were in substantial agreement. Therefore we applied their technique, 
with minor modifications, to the colon in this animal. | 


The rats were first given water but no food for 48 hr. to ensure that 
the alimentary canal would be reasonably empty. They were then anaes- 
thetized with urethane (1-6 mg./g.) injected subcutaneously. Urethane is 
the anaesthetic used by Verzér & McDougall [1936], who obtained ab- 7 
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- sorption values from the small intestine in normal rats under urethane 


anaesthesia- which agree well with the values obtained by Cori [1925] in 
unanaesthetized animals. In addition, Heller & Smirk [1932] have shown 
that urethane, compared with other anaesthetics, has a relatively slight 
inhibiting influence on the absorption of water from the small intestine. 

One hour after the injection of urethane the abdomen was opened, a 
ligature was placed round the large intestine at its junction with the 
caecum, and a small opening was made in the colon just distal to the 
ligature. A cannula was then passed into the rectum, and the large 
intestine was washed out thoroughly by means of a stream of warm Ringer 
solution. An opening was made into the tip of the caecum, which was 
washed out in a similar manner. At the same time a loop of distal ileum, 
about 20 cm. long, was isolated between ligatures and washed out. 

The anus was then sewn up by means of a purse-string suture, thus 
avoiding interference with the blood supply to the caudal portion of the 
colon. 

An accurately measured amount of isotonic sugar solution—5-4 % in 
the case of hexoses and 4-5 % in the case of xylose—was then run into 
the colon through the upper opening from a micro-burette, and the gut 
was securely ligated at this point. The caecum and the loop of ileum were 
similarly filled and tied off. Since it seemed that there was the possibility 
that the caecum might behave differently from the rest of the — * 
intestine it was treated separately. 

The abdomen was then closed and the animal was left in warm 
surroundings for 14 hr. At the end of that time it was killed, the loops of 
intestine were removed, and the contents washed with water into a 
measuring cylinder, and the volume made up to a definite amount. 
Sugar was then estimated in duplicate by the method of Hagedorn and 
Jensen. In some cases duplicate estimations were also made by Bertrand’s 
method. Where fructose was used, estimations were made both by the 
method of Hagedorn & Jensen and also, on the same samples, by 
Herbert’s [1938] modification of the diphenylamine method. The results 
obtained by different methods showed close agreement. 


RESULTS 
The results of typical experiments with various sugars : are shown in 


‘Table I. Figures for the small intestine are included for comparison. 


Absorption from the small intestine was always considerable, varying 

according to the nature of the sugar and the length of the loop. As 

previously shown by Cori [1925], and confirmed by Wilbrandt & Laszt 
PH. XOVI. | 12 
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[1933], when the amounts absorbed per unit weight of small intestine 
were compared, galactose was absorbed slightly more rapidly than 
glucose, fructose about half as rapidly, and xylose more slowly still. 

On the other hand, with each sugar only a very small quantity disap- 
peared from the lumen of the large intestine and the caecum. — 

Similar results were obtained using hypotonic (2-5 %) and hypertonic 
(10 %) solutions of glucose. 

We have carried out control experiments to show that it is possible $0 
recover glucose quantitatively from colonic loops. The glucose solution 
was run into the colon in a dead animal, and the loop was then aeeeeny 
washed out and the glucose estimated. 

_ We have also carried out experiments to see whether or not glucose 
would be destroyed by bacteria under the conditions which we employ. 
The loops of intestine were thoroughly washed out but they were by no 
means sterile. Various sugar solutions were therefore incubated with a 
very thin suspension of rats’ faeces for 14 hr. at 37°C. without any 
significant loss being found except perhaps in the case of xylose. We have 
therefore concluded that no loss of sugar by bacterial sesh in the loops 
is to be expected under our conditions. 

Taste I. Thé absorption, in tag., of various monosaccharides during 90 min. 
from the gut of rate under urethane anaesthesia 
Small intestine Large intestine Caecum 
Recovered Difference Recovered Difference Recovered _ Difference 
‘ Glucose, 81 mg. initially present in each loop 
82 


6 15 -1 81 0 
23 58 74. 7 77 4 
13 68 82 -1 80 1 

Fructose. 81 mg. initially age in each loop 
46 35 79 2 
52 29 81 82 -1 
49 32 81. 0 80 ] 
25 80 1 81 0 
46 35 82 -1 79 2 
Galactose, 81 mg. initially a in each loop 
29 52 17 71 10 
18 63 82 I 
30 51 81 0 82 -1 
14 67 77 4 78 3 
16 65 47 4 80 1 
49 ‘5 61 6-5 63 4-5 
51 16-5 69 69 -165 
57 10-5 65 » 25 66 1-5 
45 22:5 65 2-5 67 0-5 
55 12-5 66 15 65 « 2-5 
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Although the large intestine in the living animal was almost imper- 
meable to glucose, when it was filled with glucose solution and sus- 
pended in a bath of warm Ringer solution, according to the method of 
Auchinachie, Macleod & Magee [1930], a certain amount of glucose 
passed through into the surrounding fluid. 


Discussion 


Since the absorption of the monosaccharides from the small intestine, 
under the conditions we use, is in close agreement quantitatively and 
qualitatively with the results of Cori and Verzér, the failure of the rat’s 
colon to absorb a significant quantity of these sugars cannot be attributed 
to any defect in technique. Moreover, the rate of disappearance, such as 
it was, was the same for the four sugars, which suggests that no specific 
process is present in the rat’s colon for absorption of monosaccharides. 

It is usually assumed that results on sugar absorption from the small 
intestine in the rat are transferable to other animals. It would be 
obviously unwise to make the same assumption in the case of the large 
intestine. The structure of the colon varies greatly in different types of 
animals, and it is more than probable that the physiological function | 
varies too. Thus our results cannot exclude the possibility that mono- 
saccharides are absorbed from the large intestine, for example in man, in 
whom glucose enemata are said to be of marked therapeutic value. 


SuMMARY | 

The large intestine, including the caecum, of rats under urethane 

anaesthesia can absorb in l}hr. only minute amounts of glucose, 
fructose, galactose ona xylose. 
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CHANGES IN ELASTICITY OF MAMMALIAN MUSCLE 
UNDERGOING RIGOR MORTIS 


_ By E. C. BATE SMITH : 
From the Low Temperature Research Station, Cambridge | : 
(Received 12 April 


THE ELASTICITY OF MUSCLE 


MUSCLE tissue is truly elastic, that is to say, when gisbjected to a : 
deforming force and released it will return to its original form. It isnot __ 
ideally elastic, however, for it does not immediately reach a new equi- 
librium when a stress is applied, nor does it recover immediately when the 
stress is removed. It continues to lengthen or shorten, as the case may be, 
for several hours, and, since the change from the living to the dead state 
is completed within the space of a few hours, it is impossible, when 
measuring elasticity by the classical method, to allow time for a new 
equilibrium to be reached after a deforming force has been applied. If 
such a method is to be employed, it is necessary to determine the relation 
between deformation and time and to select a point on the curve at which 
the deformation has reached, within a reasonably short time, a repro- 
ducible and characteristic value. 

The curve described is not a simple one. It is possible to express it 4 
with fair accuracy by a limited number of exponential curves of the 
form « (1—e-"t) widely differing in the values of their k’s, and there is 
some theoretical justification, which is discussed later, for adopting this 
view of the nature of the deformation. It happens that the time of 
6 min., which is a convenient one for carrying out serial determinations, 
coincides with the virtual completion of the moderately rapid phase of __ 
deformation, and this time has therefore been selected as appropriate —/ 
for the measurement of elastic deformation. In limiting the time of _ 
_ observation in this way, it is necessary to ignore the quite considerable 
creep which continues on a roughly exponential course for several hours. 
The magnitude of this creep, and of any fortuitous uniform changes in 
length which the muscle may undergo spontaneously, or as a result of 
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previous deformations, is then corrected for by continuing the observa- 
tion for a further 2 min. and deducting the appropriate amount from the 
6 min. deformation. 

If a succession of loading and unloading curves is recorded, at 
6 min. intervals, the elasticity of the muscle in the meantime remaining 
constant, it is observed that the first loading gives a larger corrected 
deformation than the subsequent unloadings and loadings, which give 
reasonably uniform values. The mean of the deformations calculated 
from the first unloading and second loading curves has therefore been 
taken to represent the “reproducible and characteristic value” from 
which a modulus may be calculated. This value is denoted A+B, being 
divided, for a purpose which will be described later, into an instantaneous 
component A and a delayed component B. 

Material and method of measurement. Muscle is a composite tissue 
containing true muscle fibres and connective tissue fibres in varying 
proportions, the two types of fibre having very different elasticities. 
The elasticity of the tissue as a whole will depend on the arrangement of 
the fibres as well as on their composition; a strip of muscle carefully 
dissected so that the fibres are parallel and unbroken will suffer much 
less deformation when stretched in the direction of the fibres than a 
piece cut and stretched without regard to the direction of the fibres. 
Most of the muscles of an animal such as the rabbit are irregular in shape 
and have fibres entering and leaving at various angles. There is one 
muscle, however, the psoas, from which strips can be separated several 
inches long and in which the fibres are parallel, and this muscle has the 
further advantage that it contains extremely little connective tissue, 
often less than 1°, compared with the usual 3-4%. — 

The muscle is subjected to stretching by application of a load, but the 
gripping of the muscle for this purpose presents some difficulty. This 


them in the jaws of clips used for making contact with the terminals of 
car accumulators. If slightly weaker springs than those provided are 
used no tearing of the muscle takes place, yet slipping is entirely pre- 
vented. The lower end of the muscle is fixed and the upper end is attached 
to one arm of a balance. The stretching load is applied by hand at a 
point on the other arm, which is continued as a light lever bearing a 
writing point for registering on a smoked drum, giving approximately a 
seven-fold magnification of the deformation of the muscle. During a pro- 
longed experiment the muscle is left in position on the balance but is 
surrounded by a moist atmosphere. 
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Hooke’ s law for the extension of skeletal muscle. If the relation between 
extension and load is plotted for extensions up to the breaking point of a 
muscle, the curve is very far from being a straight line [Weber, 1934]. For 
small extensions, up to about 5% of the length of the muscle, the devia- 
tion from the linear is not so marked as for greater extensions. The case 
of two muscles stretched 0-75~2-4%, of their original length is illustrated 
in Fig. 1. (By “original length” is to be understood the equilibrium 
length of the muscle under a load just sufficient to take up the obvious 


| 


3-0: 


3 


Extension % muscle length 


Load in g. 


Fig. 1. Relation between load and extension of rabbits’ psoas muscles in rigor. Extensions 
: are the corrected 6 min. values. 


slack, this load usually being about 10 g. for a psoas muscle 0-5-1 cm.? in 
cross-section.) The extensions plotted as ordinates are the “A+B” 
values defined on p. 177. 
The deviation from linearity is so small that it is quite justifiable to 
express the elasticity in the form of a modulus, in the accepted sense of 
the term, provided that it is understood that the modulus relates toa 2 | 
specified, limited range of extension. The extensions to which the muscles 
have been subjected have never, in the course of this work, exceeded 5%. : 
According to Sichel [1934-5], single muscle fibres obey Hooke’s Law, 
and Weber [1934] finds also that fibres of pure myosin obey this law up. 
to 40% extension. In the case of whole muscle the slight deviation must 
be due to the manner in which the fibres are arranged and interconnected 
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in the tissue. Compared with the variation in modulus from one muscle 
to another the error involved in ignoring this deviation is negligible and, 
moreover, if the modulus is changing within known limits the error can 


be eliminated by loading with a weight of a magnitude such as to give an 
extension within the — range. 


MORTIS 


- In the psoas of the rabbit the onset of rigor is marked by a change in 
the modulus of elasticity from a value between 700 and 3000 to one in the 
neighbourhood of 10,000. The increase is continuous, but not regular, 


5 

= 5: 

Hours 
Fig. 2. 
onset of rigor. 


and the ultimate value may be reached within a few minutes or after 
many hours. An actual modulus-time curve is illustrated in Fig. 2. The 
muscles in this instance were taken from the animal immediately after 
stunning and were allowed to cool naturally to room temperature (25° C.), 
so remaining while rigor set in. For 2 hr. only a minute change in modulus 
occurred, but thereafter for 6 hr. a steady increase took place to the final 
value of 13,700. No further increase was observed in the 16 hr. during 
which observations were continued. 

Individual muscles differ mainly in respect of the length of the 
almost stationary period. It is often entirely absent, and occasionally is 
prolonged for 6hr. or more. It is noticeable that an animal which 


_ struggles violently both before and after stunning has a shorter stationary 


period than a quiet animal, especially one which is killed under an 
anaesthetic. It seems that the rate - onset is to a large extent deter- 
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mined by activity immediately before and after stunning, but this is not 
an effect which can easily be estimated, and the investigation described 
in the following sections has aimed at producing in the muscle after 
death a similar condition to that which activity would be likely to 
produce in the living muscle. 

Although there are such wide differences between individual animals, 
paired muscles, e.g. the right and left psoas, are remarkably alike in their 
initial and final moduli and in the rate of onset of rigor (Fig. 2, cf. also 
Fig. 5). This identity of behaviour makes it easy to determine the 
effect of different experimental procedures on the course of rigor. If 
rigor were dependent on concurrent chemical changes in the muscle, 
temperature should have a marked effect on the rate of stiffening, and 
this could be detected by holding paired muscles at different temperatures. 
If, as seems likely, the physiological state of the muscle at death is the 
predominant factor, various methods of increasing the activity of sur- 
viving muscle could be tested. The most likely means of bringing this 
about are by electrical stimulation or by the action of adrenaline, which 
markedly increases heat production and glycogenolysis in isolated muscle 
and the resting metabolism of mammalian muscle in the intact animal 
[Bozler, 1933; Hegnauer & Cori, 1934]. Experiments designed to test 


_ these possibilities are described in the following sections. 


FACTORS AFFECTING THE RATE OF ONSET OF RIGOR 
(a) Change in pH. Breakdown of glycogen to lactic acid 

In normal muscle (with not less than 0-7 % of glycogen) the onset of 
rigor runs Closely parallel to the production of lactic acid, so closely, in 
fact, that the conclusion would be justified that the change in elasticity 
is due solely to the change in pH of the muscle. It was shown some years 
ago [1930] that heat production, due almost entirely to the breakdown 
of glycogen to lactic acid, and stiffening follow exactly parallel courses, 
but in certain abnormal circumstances rigor can take place without 
acidification, and it was suggested that stiffening and acid production 
might be indirectly related through a third change. 

The evidence of a close correlation between the two events in normal 
muscle is strengthened by the direct determination of pH changes 
during the onset of rigor. ! 

Owing to the existence of at least two phases within the muscle it is 
difficult to assign a value to the pH of the tissue as a whole. Fenn & 


_ Maurer [1935] consider that while the pH of the cell interspaces of resting 


muscle is 7-3-7:5, the “internal” pH may be 6°9 or even lower. The 
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spear glass electrode, first described by Voegtlin, Fitch, Kahler & 
Johnson [1934], affords the best means of determining the pH of the 
external phase, whilst the mean pH of the whole tissue can be deter- 


mined, though not so accurately, on the minced tissue, taking into 


account the rate of change of pH by extrapolating back to the moment 
mincing was begun. The course of acid production, as indicated by these 
two methods, shows the same wide variation from one animal to another 
as does the change in elasticity. | | 
The insertion of a fine-pointed electrode causes a certain amount of 
local injury to a muscle, indicated by an immediate fall in the pH 
registered. In living muscle this injury does not persist, the value rising 
after a few minutes to the resting level, which is thereafter maintained 
[cf. Voegtlin et al, 1934), In dying muscle, however, the fall of pH in the 
immediate neighbourhood of the electrode is much more rapid than in 
the body of the muscle (indicating, incidentally, one factor which has a 
marked influence on the rate of acid production, viz. mechanical injury). 
A true value can only be obtained by observing the fall of pH with time 
(approximately linear for several minutes) and extrapolating to the 
moment of insertion of the electrode. A new undisturbed area is there- 
fore needed for each reading. The area of injury does not extend more 
than lcm. from the point of insertion of the electrode, so that the 
longissimus dorsi, 8 cm. long, is capable of providing about eight points 
for the construction of a time-pH curve. The psoas is too thin for these 


measurements. 


A muscle in full rigor has the same pH throughout, usually about 5-8, 
but that of a freshly killed animal may vary widely from point to point. 
For instance, one electrode may register the high value 7-5-7-6, observed 
in the muscles of animals under light anaesthesia, whilst other points 
register 69. In the case of unanaesthetized animals, the usual range of 
values for the earliest reading is 6-6-7-0. From this point the pH may 
fall steadily—or even precipitately—to about 6-0, and thereafter more 
slowly to the ultimate pH, or there may be many hours’ delay before the 
pH begins to fall at all. At the end of this stationary period the fall is 
more or less abrupt. As soon as one area reaches pH 6:2 the differences 
between different parts of the muscle are rapidly wiped out. The scatter 
of pH values before this point is reached necessitates a mean of at least 
fourreadings being taken, which reduces the number of possible points on 
a time-pH curve to four: two sets of four values on each longissimus muscle. 

The general similarity between the time relations of acidification and 
those of the change in elasticity is immediately apparent. The close 
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Hours | 


Change in pH (of longisims dorsi) and modulus (of peoas) of rabbits’ muscle 
during the onset of rigor. 


55 60 6s 


Modulus x 10-* 


. After determining the modulus, the muscles were minced and their pH values 

inintediabiiy deneadaad The values for each pair of muscles are joined. The modulus 

of the muscles immediately after death, and until pH 6-2~-6:3 is reached, does not as a 
rule exceed 3 x 10°, 
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connexion that does in fact exist is emphasized by the following two 
groups of experiments: 

(1) Simultaneous measurement of change of pH of longissimus dorsi 
and elasticity of psoas. 

(2) Elasticity and pH of pairs of psoas muscles incompletely. in rigor. 

These experiments are illustrated in Figs. 3 and 4. The curves repro- 
duced in Fig. 3 show the similarity of the courses followed by the two 
processes, although in different muscles. The results with twin psoas 
muscles (Fig. 4) indicate that the change in modulus as the pH changes 
from that of living muscle to pH 6-3 is extremely small. From this 


_ point onwards, as the pH falls, the modulus changes rapidly. Judging 
from the slopes of the curves (taking into account the range of variation 


of modulus in the freshly excised muscles), it would appear that the rapid 
increase in modulus begins when the muscle reaches pH 6-2 approxi- 
mately. The stationary period before the onset of rigor is longer than 
that which elapses before acidification begins by the time required for 
the muscle to reach this pH. 

The correlation breaks down completely, however, when the muscle — 
contains insufficient glycogen to bring the pH to 6-3 by production of 
lactic acid. This condition is rarely observed in a well-fed, resting animal, 


0 i 2 3 4 5 
Hours 
Fig. 5. Change in modulus with time of muscles from an insulin-treated rabbit showing 
rapid onset of rigor. x x psoas of right side, o——o psoas of left side. For com- 
parison a “normal” rigor curve is also shown (lower curve). 


but can be brought about by starvation, fatigue [cf. Smith, 1937], or 
administering insulin. Rigor is then unusually rapid in onset, and the 
modulus may reach an unusually high value although the pH changes 
little from its resting level. Fig. 5 illustrates the case of an animal 
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injected with insulin. 20 min. after death the modulus was 3000, and 
after only 80 min. it had risen to 11,000, whilst the pH was practically 
unchanged at 7-1. The same effect is obtained by injecting sodium 
iodoacetate, which inhibits the breakdown of glycogen to lactic acid. It 
was shown previously [1930] that a rabbit injected with this salt passed 
into rigor within 20 min. of death, producing no lactic acid and no heat 
of rigor. Hoet & Marks [1926] showed that feeding with thyroid gland 
produced a fall in muscle glycogen, the time of onset of rigor being then 
inversely proportional to the glycogen content of the muscle. 

If stiffening is fundamentally the same process in both types of rigor, 
it would seem that the correlation of elasticity changes with pH in normal 
muscle is a fortuitous one. It is possible to frame a hypothesis, however, 


which accounts for all the facts. If it is assumed that stiffening is due to 
the entry into, or escape from, the fibril of substances to which, in life, — 


the fibril boundary is impermeable, the signal for the onset of rigor will be 
loss of this impermeability. The moment when this happens may con- 
veniently be considered the death of the muscle. Death may occur in two 
ways: either by exhaustion of the supply of energy (in the form of 
glycogen) or by reaching a lethal hydrogen-ion concentration (pH 6:2). 
The fibrils consist almost entirely of the protein myosin. It is known 
that myosin becomes completely insoluble, when the muscle is fatigued 
or passes into rigor, in particular salt solutions in which it is normally 
soluble. The cause of this, in a molecular sense, is unknown, but it seems 
probable that it is related to the loss of elasticity of the fibril, which must 
also be associated with changes in the configuration of myosin. 
_ Some support for this “permeability” theory is given by the changes 

of electrical conductivity during rigor. Callow [1937] has shown that the 
electrical resistance follows very much the same general course as do the 
elasticity and pH: a period of variable duration in which little change is 
observed, then an abrupt fall in resistance to a value little higher than 
that of the aqueous phase of the muscle. So far as any correlation has been 
attempted, it does seem that the fall occurs when c. pH 6-0 is reached. 
Since the high resistance of the living tissue is due to capacity barriers in 
the form of cell membranes and similar structural features, there is here 
strong confirmation of the view that rigor is associated with the break- 
down of these barriers to diffusion. 

If this view is correct, the rate of stiffening in both types of rigor is 
determined by the rate of certain chemical reactions. “ Alkaline” rigor 
sets in, as a rule, immediately after death, its rate of onset probably 
depending on the rate at which the small residue of energy is used up. 
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In these circumstances, the intrinsic stiffening process probably takes 
place almost instantaneously. (Hoet & Marks [1926] quote several 
instances in which rigor set in within 5 min. of the death of the animal.) 
Some indication of the nature of this process should be given by observing 
the changes in electrical resistance. In normal rigor the key reaction is 
that resulting in the formation of lactic acid, and factors affecting this 
reaction would be expected also to affect the onset of rigor. Such 
factors are temperature [Fletcher & Hopkins, 1907], oxygen supply 
[Fletcher & Hopkins, 1907] (although mammalian muscle at room 
temperature can be considered virtually anaerobic), stimulation, and 


sympatheticomimetic drugs [Nachmansohn, 1937]; in fact the same 


factors which increase muscle activity in general. 


(6) Temperature 

Compared with physiological factors, external temperature has little 
effect on the rate of onset of rigor. In fact, a marked influence of tempera- 
ture can be demonstrated only when the onset of rigor is slowed down by 
the use of anaesthetics. 

Several experiments with the paired psoas muscles of rabbits are 


- summarized in Table I. The muscles were removed immediately after 


stunning and were immersed in 1% NaCl at 0 and 25° C. respectively 


- for several minutes, and were then stored at these temperatures. 


Measurements of elasticity were made at intervals, and when rigor was 
well advanced the muscles were minced and their pH determined at room 
temperature. 


TaB_e I 

Time after pH Modulus x 10-* 

hr. 25° C. 25° C. 0° C. 

1 5-60 5-72 15-3 8-7 
2 1 5-77 5-96 73 
3 §-8* 5-8* 17-5 20-6 
7 5-6* 30-5 25-0 

4 6-1 6-2 2-2 2-1 
5 1-1 1-2 
1-5 1-5 

4:4 2-1 

| 5-90 6-08 10-9 5-9 


* Determined on thigh muscles. 


The most striking feature of these results is the complete absence of 
uniformity in modulus at any given time after death. For instance, 
1-2 hr. after death the moduli of the muscles of different animals vary 
between 1200 and 17,000, whereas the greatest relative difference at any 
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given time between the moduli of paired muscles at 0 and 25° C. respec- 
tively is of the order of 1: 2. In several instances no difference whatever 
between paired muscles is apparent for the first 4 hr. after death. It 
would seem that the length of the stationary period is almost un- 
influenced by temperature, but that the subsequent production of lactic 
acid is more rapid at the higher temperature, and a small effect on the 
rate of stiffening is then detectable. Even so, a sensitive method is 
required to measure such differences. Mangold’s sclerometer, specially 
designed to determine the hardness of muscle, is incapable of demon- 
strating any difference in the rate of onset of rigor at different tempera- 
tures [cf. Smith, 1935], and it is scarcely possible that differences could 
be detected by the feel of the muscle. It is, however, popularly supposed 
that rigor can be considerably, or even indefinitely, delayed by exposing a 
body to a low temperature immediately after death, although reference 
to the standard works on forensic medicine gives no support to this 
belief. In such works it is only exposure to extreme conditions of 
temperature that is mentioned. At temperatures approaching 45° C. 
myosin would coagulate and the muscles undergo heat rigor; whilst if 
the muscles were actually frozen hard, rigor would be completely arrested 
until the muscles were thawed again. Excluding these extreme conditions, 
it can be said that temperature will have scarcely any perceptible effect 
on the onset of rigor, especially when it is considered that the centre of a 
large mass of muscle does not begin to cool until several hours after death, 
owing to the production of heat as glycogen breaks down to lactic acid 
(Smith, 1928]. 


(c) Stimulation 


Activity at death being, apparently, of so much importance in 
determining the course of rigor, it would be expected that a few seconds’ 
electrical stimulation of the excised muscle would accelerate rigor. This 
is not the case, but stimulation does have a marked and lasting effect on 
another aspect of muscle elasticity. It has long been known that a 
heavily loaded muscle responds to stimulation by lengthening instead of 
shortening. Petit [1931] seems to have been the first to point out that 
the most characteristic difference between active and resting muscle is 
an alteration in the ratio of the damped to the total elasticity. 

Using apparatus constructed by Bouckaert, Capellen & de Blende 
[1930], Petit limited his observations to the changes taking place within 
the first second after loading. The deformation therefore comprised the 
instantaneous and exceedingly rapid components included in the term A. 
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Denoting the instantaneous component a, Petit found that a/A for 
resting muscle was 0-9, but in tetanized muscle the ratio fell, in some 
instances to as little as 0-5. 

The same effect is observed with respect to the slower component B 
after stimulation of the psoas muscle of the rabbit. In order to avoid 
errors in the determination of A and B, due to irregular loading or 
unloading, B is calculated from the deformation curve in a similar way — 
to that used by Petit in calculating a, viz. by treating the curve between 
15 sec. and 6 min. as truly exponential. This is very nearly but not 
completely true, so that B has only an ideal value, being defined as that 
component of the deformation calculated from the expression B(1—e-*') 
for values of t between 15 sec. and 5 min. The ratio A/(A +B) proves to be 
a valuable index of the state of a muscle. Usually the freshly excised 
muscle has A/(A+B)=0-85, seldom less than 0-8, After a short a.o. 
tetanus the muscle, being virtually anaerobic, takes a long time to return 
to its original length, and for several hours A/(A +B) remains below the 
resting level. The effect is less marked in the “stretch” curve than in the 
relaxation; in the latter the immediate component may be completely 
absent. In a particular instance, one of a pair of psoas muscles had 
A/(A+B)=0-90 in both stretch and relaxation, whilst its stimulated 
counterpart had A/(4 +B)=0-53 in stretching and =0 in relaxation. 
Actually (4+), the total deformation, was almost equal for the two 
muscles, and remained equal at every stage during the establishment of 
rigor. The short tetanus (10 sec.) had therefore no effect whatever on 
the subsequent course of rigor. 

It is unusual for a muscle to shorten as it passes into rigor, but 
occasionally it does so, apparently spontaneously. When this happens 
the ratio A/(4+B) falls to values characteristic of active muscle. For 
instance, a muscle having originally A/(A + B)=0-8 shortened 3% of its 
initial length from 2 to 3hr. after death, A/(A+B) changing to 0-53. | 
An interesting point in connexion with the insulin experiment described 
on pp. 183-4 is that a slight shortening took place during rigor and the 
original value of A/(A +B)=0-815 fell as a result of this shortening to 
0-60. Shortening seems to occur when the onset of rigor is exceptionally 
rapid, as it is in the case of insulin-injected animals. Baumann [1917] 
showed that shortening also occurs as —_ sets in when a muscle is 
heavily loaded. 

Except for these instances the ratio A/(A +B)» remains within the 
range of values characteristic of resting muscle, as is shown by the data 
in Table II. 3 
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Il 


Time after death (hr.) 0-25 0656 #1 2 Sia OS FT 19 19 
Load (g. sq. cm.) 5 8S 125 125 125 260 
+ 


tet 0:84 0-85 0-86 088 0-87 0-82 0-85 0-86 0-87 
odulus x 10-* 196 218 231 255 263 131 136 158 156 
(d) Adrenaline 


The well-known effect of adrenaline in accelerating glycogenolysis in 
excised muscle [Hegnauer & Cori, 1934; Nachmansohn, 1937] suggests 
that this substance might also hasten rigor. Its effect was studied in two 
ways: by removal of the middle portion of one psoas, clipping the cut 


- ends and the artery supplying it, and perfusing the other psoas (together 


with most of the remainder of the animal) via the thoracic aorta with 
1% NaCl containing adrenaline; or by immersing the muscles for a short 
time in saline with added adrenaline. Little effect was observed on the 
course of rigor using up to 10 yg./c.c. of adrenaline, but the muscles 
invariably showed the elastic characteristics of active muscle, the 
lowering of A/(A+B), without, however, any measurable shortening. 
A number of experiments are summarized in Table III. 


Tastz III 
Procedure; Aj(A +B) Modulus 
pg./c.c. death Control Exp. Control Exp. 
Soaking, 10 Imm. 081 0-43 2360 3740 
2 hr. — 0-80 0-60 5710 6490 
Soaking, 2 Imm. 0-80 0-74 1000 1100 
Soaking, 5 Imm 0-85 0-58 2410 5680 
6 hr 0-87 0-84 3080 3190 
Perfusing, 5 Imm. 0-87 0-67 1260 1436 
3 hr 0-88 0-71 1390 1490 


‘Not only is A4/(A+B) altered, but the modulus rises, more or less 


In proportion to the change in A/(A+B). The effect of adrenaline is, 


therefore, to make the muscle temporarily less extensible. As rigor 
proceeds, the effect of adrenaline passes off, and both A/(A4+B) and 
modulus approach the control values. 

Neither a.c. stimulation nor adrenaline, in reasonable doses, produces 
the effect in muscle that is produced, apparently, by activity of the 
animal at death; and further, the effect that these treatments produce is 
seldom observed in a freshly excised muscle, even though taken from an 
extremely active animal. At present, therefore, there is no clue to the 


_ physiological factor which determines the rate of post-mortem acid 


production and, indirectly, the moment at which the muscles begin to 
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stiffen: The possible physiological stimulants have, however, scarcely 
been touched upon. Acetylcholine and potassium ions also accelerate 


_ glycolysis [Nachmansohn, 1937}; histamine is produced when skeletal 


muscle contracts [Anrep & Barsoum, 1935); extracts of fatigued muscles 
produce the effects of fatigue in resting muscles [Weber, 1938]; any one 
of these possibilities, when examined, may provide the pace-making 
mechanism. | | 

Discussion 

In a recent paper A. V. Hill [1938] shows that the analogy of a syste 
of free and damped springs does not lead to a correct concept of muscular 
elasticity. Frictional heat plays little part in the thermal phenomena 
associated with mechanical changes in muscle since, while heat is evolved 


as a result of shortening, it is absorbed during lengthening. Hill mentions 


two analogies which might provide a clue to the source of the heat of 
shortening: first, the evolution of heat when an area exhibiting surface 
tension contracts and does work; and secondly, the molecular energy 
changes involved in the folding up of protein chains. This second possi- 
bility lends support to concepts such as that developed by Weber [1934] 
of the mechanism of the delayed elasticity of muscle. 

According to this view, the extension of a protein fibre is due to the 
rupture of bonds either (a) by reason of the energy supplied by loading 
alone or (6) by virtue of this energy plus that supplied by the thermal 
oscillation of the atoms concerned in the bond. In case (a) the extension 
would be instantaneous; in case (b), partly instantaneous and partly 
such that the extension in a given time is proportional to the number of 
bonds able to yield, and as at any time this is equal to the number of 
such bonds remaining unbroken, extension must follow an exponential 
course with time. In the case of strong bonds the energy derived from 
heat vibration may be much greater than that added during loading 
[cf. Houwink, 1937, p. 66]. The instantaneous component will be small in 
such cases and the delayed component large. The proportion of these. 
two has therefore a considerable significance with respect to the nature of 
the bonds involved. 

The approximate exponential form of the several phases of the 
deformation curve may, therefore, have a real basis in molecular struc- 
ture. Two of the phases in the case of the frog’s sartorius are stated to be 
truly exponential: the very early phase in resting muscle investigated by 
Petit [1931], and a phase between 6 min. and 1} hr. recorded by Pochin © 
[1938]. One particular type of bond may be concerned in each of these 
components. The intermediate phase is less accurately exponential, and 
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might therefore concern the yielding of bonds of several kinds having: 
slightly different energies. The departure from the exponential form is 
indicated by the data in Table IV. It is more marked in the anomalous 
first stretch than in subsequent loading and unloading curves. 

Tasie IV ise | 

“Time (min) 
Delayed deformation 025 05 075 1 2 $3 6. 


Ist stretch = Obs. 033 0-48 0-53 075 0-86 093 1-01 106 1:19 
Calc. 0-33 0:54 066 0-75 087 0-93 101 106 1-19 


- Ist relax Obs. 0:24 0-47 0:50 0-54 0-65 0-73 0-77 0-81 084 
Calc, 0-24 0-44 0-48 0:54 066 073 0:76 0-81 0-84 


‘The values in italics are those used to determine the four variables. 


The increase in delayed extension at the expense of the instantaneous 
component in active muscle indicates, if this view is correct, an increase 
in the strength of certain bonds. This occurs without appreciable 
increase in the modulus as a whole; in fact, as Weber was the first to show, 
a heavily loaded muscle will actually lengthen when stimulated. On the 
other hand, the enormous increase in modulus of rigor muscle takes 
place without appreciable change in the proportion of instantaneous to 
total extension (cf. p. 188). A simple explanation of these two observa- 
tions is that the change of elasticity in rigor involves an elastic component 
in parallel with a chain of components which constitutes the actively — 
contractile mechanism. Without pressing the analogy too far, the 
system can be visualized as a number of free and damped springs arerere 
as in Fig. 6, 

The chain of ¢lastic components A, B, C, represents those elements, 
damped and undamped, which change during contraction but.not during 
rigor. The component M, in parallel, suffers a tenfold increase in 
modulus during rigor but is little, if at all, changed in active muscle. 

If any attempt at identification with structures in muscle is per- 
missible, M should be found in the body of the fibril and would represent 
a highly extensible supporting structure whose function it is to respond 
easily and elastically to the tension produced by the contractile machine 
A, B, C.. This lies in closer contact with the sarcoplasm since it appears 
to be readily accessible to the action of dissolved pubetyaces orn M. 
only becomes accessible after death. 

If, as these data suggest, the types. of bond the 
damped elasticity are limited to a very few, it. should be possible;.for 
instance by observing the effect of. ‘temperature, on the particular k’s, or 
modifying the bonds to gain some insight. into their 
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nature. It is particularly noteworthy that a change of “A” into “B” 
bonds seems to be brought about either by causing the muscle to shorten 
or, without shortening, by treatment with adrenaline. 


(Levin & Wyman) 


_ Active muscle (isometric) Rigor muscle 


Fig. 6. Viscous-elastic models illustrating, way, the onggented 
behaviour of resting and active muscle and muscle in rigor. Rigor appears to consist 


essentially in the strengthening of an equivalent spring in parallel with a chain of 
contractile elements. : 


The elasticity of connective tissue 


only on account of the parallel arrangement of its fibres, but because it is exceptionally 
free from connective tissue. Most of the muscles of the body contain 12-15 % of their dry 
weight of connective tissue in which, as in tendon, the extremely inextensible constituent, 
collagen, predominates. 

As examples of typical connective tissue structures Achilles tendons of oxen and rat’s 
tail tendons have been studied. These contain about 34 % of dry matter, at least 90% of 
which is collagen. The elasticity of Achilles tendon was determined with the same apparatus 
deformation. 

1% by p load of 200g., recovering its original length on unloading. The modulus was 
muscle, 

very perfect regularity of the fibres in the rat’s tail tendon renders this much more inexten- 
sible. The modulus of these tendons is 1-2 x 10°. 

13— 
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were split into secondary fibre-bundles about 0-2 mm. in diameter which were tied on to a 
balance of the same design as that previously described but of much lighter construction. 
For a stretch of 1-4 % these tendon elements had a modulus between 8-0 and 9-6 x 10°, but 
the deviation from Hooke’s law is considerable and for greater extensions the modulus 
increases up to 2 x 10°. (A similar value was obtained by calculation from the tension- 
length curve at a uniform rate of extension.) 

Collagen fibres are known to shorten when treated with dilute acid. For instance, 
Wohlisch & Hett (1938] found that a rat’s tail tendon shortened approximately 7 % when 
transferred from Ringer's solution to 0-005 N HCl-Ringer. The change in pH during rigor 
is insufficient, however, to have any effect on the elasticity or length of the fibres. Neither 
the modulus nor the length of rat’s tail tendon was changed by transferring from buffered 
1% NaCl at pH 5-5 to a similar solution at pH 7 or vice versa. The connective tissue 
cannot, therefore, contribute in the slightest degree to the stiffening of muscle ini rigor. 


SuMMARY 


The psoas muscle of the rabbit, having approximately parallel fibres 
and little connective tissue, is a suitable subject for the determination of 
the elasticity of mammalian skeletal muscle. As rigor mortis sets in, its 

- modulus of elasticity, measured along the fibres, increases about tenfold. 
The rate of onset of rigor is widely different in different animals, 
apparently depending on the violence of struggling at death. Neither a 
few seconds’ a.c. stimulation of the excised muscle, nor treatment with 
adrenaline affects the course of rigor, although these treatments have a 
specific effect on the deformation curve, increasing the damped elastic 
component at the expense of the instantaneous one. 

The modulus of connective tissue, in the form of rat’s tail tendon, is 
about a thousandfold that of freshly excised muscle. The connective 
tissue in muscle does not contribute to the stiffening which muscle under- 
goes in rigor. | 

I wish to express my thanks to Prof, Winton for introducing the problem of the effect 
of temperature on rigor, and for his very considerable help throughout this investigation. 

1 Observed by Drs Woods and Astbury. 
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AQUEOUS HUMOUR AND BLOOD PLASMA OF CATS 
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(Received. 22: April 1939) 


In an earlier paper [Davson, Duke-Elder & Benham, 1936] determina- 
tions of the relative concentrations of Na, K, and Cl in the serum and 
aqueous humour of the cat were reported, and it was concluded that the 
results did not warrant the postulation of a secretory origin of the aqueous 
humour. Since then Benham, Duke-Elder & Hodgson [1938] have 
shown that there is an excess of osmotic pressure in the aqueous humour 
over that in the serum provided the fluids are removed from the man or 
the dog under local anaesthesia or with amytal or nembutal as general 
anaesthetics; if ether is used then the osmotic pressure difference is in 
the reverse direction. More recently, Hodgson [1938] has shown that in 
the man and the dog the mean ratio of chloride in the serum to chloride 
in the aqueous humour is about 0-89, compared with a theoretical value 
on the basis of a Donnan distribution of about 0-96. 

It is clear therefore that the problem needs a critical re-examination, 
and in the present work an attempt has been made to supply some of the 
deficiencies which have since transpired in respect to the earlier work of 
Davson et al. In this earlier work the aqueous humour was divided into 
three portions for determinations of the separate ions; owing to the 
limited quantity of fluid it was not possible to make duplicate determina- 
tions, so that the errors were larger than they would have been had 
triplicate determinations of a single ion been compared. It was thought 
at the time that single determinations on all three ions would have more 
value, since, if deviations from the theoretical Donnan ratios occurred, 
the relative magnitudes and directions of the deviations of the positive 
and negative ions would have given a clue to the nature of the disturbing 
factor. 
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The ‘author, however, is now of the opinion that more accurate 
analyses of a single ion, i.e. Na+, will give a more decisive answer to the 
problem. The reasons for this are as follows: 

(a) The Nat is the main cationic contributor to the osmotic pressure 
of the blood and aqueous humour; consequently any differences in con- 
centration between these fluids caused by experimental technique or 
changes in hydration of the animal will be comparatively rapidly levelled 
out by osmosis of water. This is not the case with K+, where changes in 
the concentration of the fluids with respect to this ion must be levelled 
iy by a process of diffusion and may take hours for completion [Davson 

& Quilliam, 1939, in preparation]. 

_ (0) So far there is no evidence that the Na concentration of 
blood is influenced by anaesthesia, but D’Silva [1934] has shown that 
the K concentration in the plasma of the cat rises during ether 
(c) Changes in the CO, tension of the blood of the order of magnitude 
encountered in the experimental technique used in this sort of work are 
_ Reflected in negligible changes in the Na concentration of the plasma, 
_ whereas they may have considerable influences on the Cl concentration; 
thus there is a difference of 1-5°, between the plasma Cl concentrations 
in arterial and venous blood [Doisy & Beckmann, 1922]. Similarly a 
variation in the-temperature at which the blood is allowed to clot will 
have a minimal effect on the cation concentration of the plasma. 

_ (d) A more careful investigation into the Barber-Kolthoff [1928] 
method of Na determination reveals that it has greater potentialities as 
an accurate means of determining small differences of concentration than 
the methods generally in use for the determination of K and C1. 

_ Inthis paper the distributions of Na between the aqueous humour and 
blood serum of 18 cats are recorded. Blood was drawn under nembutal 
anaesthesia from 6 cats and by heart puncture without general anaes- 
thesia from the remainder. Owing to the improved technique, variations 
of 1% in these distribution ratios from the theoretical ratio of 1:04 may 
now be ascribed a significance which it would have been unjustifiable to 
assume in the earlier work. Hence, although the present results bear out 
the earlier ones in that the mean Na ratio lies fairly close to the theoretical 
yalue, they do, nevertheless, leave room for a possible secretory activity 
on the part of the membrane separating the eye fluids from the plasma. 
Owing to the divergences from theory obtained in these experiments, 
both Na and Cl were determined in a group of 6 cats. Duplicate estima- 
tions were possible in both instances owing to the use of the AglO, 
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method for Cl determination [Sendroy, 1937] which requires much smaller 
quantities of fluid than the Volhard method). The variations in the Cl 
ratios did not correspond in any regular way with those of the Na. 


EXPERIMENTAL 


Removal of fluids. When nembutal was used as a general anaesthetic, 
it was injected intra-peritoneally, and a cannula was placed in the carotid 
artery; the aqueous humour from both eyes was then removed with a 
syringe! and immediately afterwards blood was run into a centrifuge 
tube, allowed to clot and the serum removed. When the blood was drawn 
without a general anaesthetic, this was done by heart puncture after a 
subcutaneous injection of cocaine at the site of entry. Immediately 
afterwards the animal was anaesthetized with ether and the eye fluids 
removed. 
Determination of sodium. Three 0-5 ml. lots of each fluid were measured 
out into silica flasks with long thin necks; 1 ml. of conc. HNO, and two 
drops of conc. H,SO, were added to each and the contents heated gently 
for 30 min. on a sand bath. The temperature of the bath was then 
raised so that the HNO, evaporated. When the contents of the flask 
had evaporated to apparent dryness the latter was cooled so that the 
H,SO, and HNO, remaining inside condensed ; the flask was then replaced 
on the sand bath and more organic matter was destroyed. By cooling 
and heating in this manner three or four times all the organic matter was 
removed without raising the temperature above about 350°; further the 
amount of acid used for ashing was the same for all samples, thereby 
controlling the blank due to the presence of Na in this reagent. The 
contents of the flask were washed out into a silica beaker with four 
successive lots of 2 ml. of H,O, the solution was evaporated to dryness 
on a sand bath and after the addition of 1 ml. of H,O the Na was 
determined by the Barber-Kolthoff [1928] gravimetric technique. The 
following precautions, in addition to those described by these authors, 
should be observed. After addition of the reagent the mixture is stirred 
with a thin glass rod for at least 1 min.; the precipitate adhering to the 
rod may be washed off into the beaker with a few drops of the reagent. 
As a washing medium for the precipitate, 95°, EtOH saturated with 
freshly prepared sodium-zinc-uranyl acetate is used; it is useless to 
1 Hodgson [1938] objects to the use of suction for the removal of the aqueous humour 
although he advances no reason. The danger of including significant quantities of extra- 


temove the aqueous humour. 
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attempt to store this wash fluid as a fine precipitate settles out con- 

tinuously, 
Of triplicate determinations made in this way, two usually agreed to 

within 1 in 500, and it was rare to find one of the three deviating from 


the mean by more than 1%. 


Determination of chloride. This was ied out exactly as recom- 


mended by Sendroy [1937], without remoya of proteins from the serum, 


with the exception that the excess of AglO, was removed by filtering 
through asbestos. The individual results rarely differed from the mean 
by more than 0-5%. 

Determination of total solids in the serum. -About 2 ml. of serum were 
weighed in a bottle and evaporated to dryness on a sand bath; the bottle 
was then transferred to an oven at 105° and the contents dried to 
constant weight. 

Errors in the determination of Na. In work of this kind, in which 
fluids of very nearly equal compositions are compared, it is essential that 


a fair statement of the errors should be made. In Table II, the results of 


which the author wishes to stress most, an idea of the accuracy of the 
figures presented may be derived from the following: In Exps. 1, 5, 6, 9 
and 11 two of the three determinations of Na in the serum and two of the 
three determinations in the aqueous humour gave values differing by less 
than 1 in 600; in Exps. 2, 4, 7, 8, 10 and 12 two of the determinations on 
one fluid differed by less than 1 in 600, whilst two of the determinations 
on the other fluid differed by less than 1 in 300. In Exp. 3 two determina- 
tions of the aqueous humour differed by 1 in 600, whilst the discrepancy 
between the values for the serum was less than 1 in 100. 


RESULTS 


The effect of ether anaesthesia on the Na content of the serum of the 
cat is shown in Table I; the blood was drawn first by heart puncture, and 
about 15 min. later from the carotid under ether anaesthesia. In three 
instances the influence of ether was negligible, and in the remaining three 
an increase of 1-3°/, was observed. These last results may account for 


_ the rather large values of the ratio [Na],/[Na],,=(Rx,.) observed earlier. 


In Table II the Na contents of serum and aqueous humour of twelve — 
cats are shown, together with the percentage solids in the serum. In the 
fifth and sixth columns the values are expressed as millimol. per kg. of 
H,0, assuming the aqueous humour to contain 1% of solids. In the final 
column the values of the ratio [Na],/[Na],, are given, the figures being 
given to the nearest 5 parts in 1000. In Exps. 1-6 the blood was with- 
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Tantx I. Na contents of serum, expressed in millimol. per kg., from blood drawn 
first by heart puncture and then from the carotid artery after ether anaesthesia 


Exp. no. Heart puncture Ether anaesthesia Change (%) 
152-5 152-0 
2 154-5 154-0 
3 149-0 149-0. 0-0 
4 149-0 154-0 3-4 
5 1445 146-0 10 
6 148-0 152-0 2-7 


- Taszx II. Sodium contents of serum and aqueous humour of twelve cate. Exps. 1-6, 
blood withdrawn by heart puncture; Exps. 7-12, under nembutal anaesthesia 


. Aqueous Aqueous 
Serum humour | hun 

| millimol./ millimol./ % / 
Exp.no. kg kg.  inserum kg.H,O kg-H,O 
1 1623 158-0 765 164-7 155-9 1-055 
2 154-4 157-0 8-9 169-5 158-6 1-070 
3 148-7 158-9 78 161-3 160-5 1-005 
4 149-2 159-8 79 162-0 161-4 1-005 
5 144-3 153-9 8-5 157-7 155-6 1-015 

6 147-9 154-4 9-1 162-7 (156-0 1 

7 162-3 172-0 8-2 176-8 173-9 1-015 
8 147-9 162-9 8-1 1 1-040 
9 146-4 152-8 8-5 160-0 154-4 1-035 
10 152-2 158-2 9-0 167-2 159-8 1-045 
ll 150-7 155-3 7-0 162-0 156-9 1-030 
12 145-7 153-2 8-4 159-0 154-7 1-030 
Mean 1-6) 1-030 
ean . 7-12) 030 


drawn by heart puncture, and in is. 7-12 under nembutal anaesthesia. 
It is seen that the mean R,, is the same for the two groups. It is clear, 
however, that individual ratios may differ by as much as 3-5°%, from the 
theoretical value of 1-04 [Van Slyke, 1926], and there seems to be no 
correlation between the protein content (i.e. the percentage solids) and 
the magnitude or sign of the deviation. 

In Table ITI are shown the results of six experiments on the distribu- 
tion of both Na and Cl between the serum and aqueous humour; blood 
was drawn by heart puncture and allowed to clot under paraffin. In the 


- Taste III. Results of simultaneous determinations of sodium and chloride in the 
serum and aqueous humour of six cate. Blood was withdrawn by heart puncture 


Exp. no Ro in serum Rx, x Roy 
13 1-005 0-950 
14 1-050 0-965 7-7 1-010 
15 1-030 0-950 8-6 0-980 
16 1-005 0-910 6-8 0-915 
17 1-045 0-940 8-4 0-980 
18 1-035 0-955 8-3 0-990 
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| aqueous humour (standard deviation, 0-018), and secondly, the mean . 
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final column the products R,,xR, are shown; on the basis of the 
Donnan equilibrium and assuming that activities are equal to con- 
centrations, this product should equal unity. It is clear that marked 


deviations from unity occur, and further that a low R,, value does not 


always correspond to a low R,, as would be expected were NaCl, as such, 
being excreted into the aqueous humour. The mean R,, is equal to that 
Exps. 1-12 II). 


The results of the experiments described in this paper show that the 
dintetbiation of Na between the serum and aqueous humour of the cat may 
vary from the theoretical ratio derived on the basis of a Donnan Equili- 
brium; the variation is irregular, however, and the means of the succes- 
sive groups are equal and differ only by 1% from this theoretical ratio. 
The product R,, x R,, is neither equal to unity in all the cases examined, 
nor is it the same from one individual to another. So far a “theoretical” 


__R,, has been mentioned as though this were an invariable quantity; this, 


however, is not so, since its value depends on the number of indiffusible 
anions present in the plasma, and this will depend on the protein con- 
centration, the relative amounts of the constituent serum proteins, and 
the acidity of the serum. The latter may be taken as constant, since 
intravital variations in acidity are not large enough to influence these 
results. Inspection of Tables II and III shows that the percentage solids, 
and hence presumably the protein concentration, varies from serum to 
serum, so that deviations from the “theoretical” value of R,, might be 
expected to be related to the protein content of the serum; nevertheless 
there is no correlation between the protein concentration and the 
deviation of individual values of R,, from the mean. 

_ Let us now turn to an investigation of in vitro ultra-filtrates of aaa, 
lnaiiliael, Lombard’ & Visscher [1933] have calculated that the relative 
concentrations of diffusible salts in a dialysate of plasma should be equal 


to those from an ultra-filtrate. They then determined the distribution 


of ions between dogs’ plasma and its ultra-filtrate. The present author 
has calculated the results as the ratio [Na],/[Na],,. 7 
The seventeen determinations gave a mean value of 1-08 with a 
standard deviation of 0-021. Six ratios selected at random gave values of 
1-05, 1:11, 1-09, 1-09, 1-02, 1-09. 
. Two points emerge from these results: first that the variability of the 
distribution of Na between plasma and its dialysate in vitro is slightly 
ter than that found for the distribution of Na between serum and 
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R,, is greater than the calculated value of 1-04. Ingraham eé al. show, 
however, that this high value may be due to the proteins which depress 
the activity of the Na in the plasma. 

Some results of Greene & Power [1931] on artificial in vivo dialysates 
of plasma may next be considered. The following values of the R,, have 
been taken at random: 1-165, 1-11, 1-14, 1-11, 1:15, 1-11. The mean of 
15 determinations by these authors was 1-10. It is clear that here, also, 
the deviations from the mean are greater than with the aqueous humour 
and serum; also the ratios are very much greater than the theoretical 
value of 1-04. Similar values were found by Greene, Bollman, Keith & 
Wakefield [1931] for the distribution of Na between plasma and ascitic 
fluid. 

In the light of these results on in vitro systems and artificial in vivo 
dialysates it would be very rash to conclude that deviations from a 
certain theoretical R,, of 1-04 of the size met with in this work are 
proof that a secretory process is at work in determining the formation 
of the aqueous humour. In fact, if a direct comparison of the various 
systems is permissible, it would appear that the membrane separating 
the aqueous humour from the blood plasma in the cat is a more efficient 
dialysing apparatus than the collodion sac. The results shown here do, 
however, leave room for a possible secretory activity, but the proof that 
such an activity occurs with the cat must come from other sources. 


SuMMARY 


The distribution of Na between the aqueous humour and blood serum 
of eighteen cats is reported. The mean value of the ratios of the concen- 
trations in the two fluids was 1-03 (theoretical value 1-04), In a group of 
six experiments in which blood was drawn under nembutal anaesthesia, 
the mean ratio was not different from that obtained with another group 
in which the blood was obtained by heart puncture. In a further group 
of six cats both Na and Cl were determined in the two fluids. The 
products of the concentration ratios were not equal to unity nor were they 
equal one to another. 

The results are discussed in relation to similar determinations on the 
distribution of Na between plasma and its in vitro ultra-filtrate, and its 
artificial in vivo dialysate, and it is pointed out that the variations in the 
value of the ratio obtained for different cats by the present author are 
rather less than variations in similar ratios for these artificial systems. 
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NERVE EXCITATION BY HIGH-FREQUENCY | 
ALTERNATING CURRENT" 


By BERNHARD KATZ — 
Beit M emorial Research Fellow 


From the Department of Physiology, University College, London 
(Received 28 April 1939) 


STIMULATION with high-frequenoy alternating current deserves special 
study, since in contrast with other forms of electric stimulation its 
results have not yet achieved a satisfactory theoretical treatment 
[Gildemeister, 1930; Hill, Katz & Solandt, 1936]. Two special difficulties 
were found: 

(i) Experimental results on the relation between frequency and thres- 
hold were rather inconsistent [Hill e¢ al. 1936]. Above about 2000 c./sec. 
it is difficult, or impossible, to obtain a “steady response” as required by 

the theory [Hill, 1936, p. 341]. The rapid onset, at such high fre- 
quencies, of a “refractory state” [Bugnard & Hill, 1935] makes it difficult 
to define the proper threshold index and so to obtain accurate results. 
To overcome this difficulty, the form of the stimulus was modified in the 
present study so that the amplitude of the alternating current fluctuated 
with a fairly slow rhythm. In this way, the rate of actual excitation was 
kept at a constant low value independent of the frequency of the applied 
_ alternating current. 

(ii) The available information, though mainly aalisalins: left no 
doubt of a consistent divergence from theory: the observed threshold 
intensities are much lower than predicted [Hill et al. 1936], the utilization 
time involves not one (as in Nernst’s or Hill’s theory), but many cycles 
[Gildemeister, 1930]. This discrepancy was easily confirmed by the 
present method, and could be explained, as discussed in a previous 
paper [Katz, 1937], as the consequence of local, non-propagated activity 
elicited by the cathodal half-cycles of the subliminal alternating current 

The experiments described in this paper were made during July to December 1936. 
Their interpretation is based on the results of a subsequent study of the non-conducted 
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{cf. also Rushton, 1937]. The evidence for a non-conducted response of 
nerve set up by, and reinforcing the action of, a subthreshold stimulus, 


has been strengthened greatly by the work of Hodgkin [1938] and of 


Pumphrey, Schmitt & Young [1939] who recorded it directly in isolated 
axons. Its presence is bound to modify the effect of alternating high- 
frequency stimulation. 

As Gildemeister suggested, the local excitatory effects of anodal and 
cathodal stimuli (i.e. of currents entering and leaving the nerve fibre) are 
not symmetrical. The latter produces, if its intensity is near threshold, 
a local response which adds to the direct effects of the applied stimulus. 
During successive cycles of a high-frequency alternating current, the 
asymmetrical excitatory effect increases and may lead eventually to the 
discharge of an impulse. These subliminal events, moreover, are 
accompanied. by a non-conducted “negative variation” of the resting 


‘potential [Katz, 1937]. 


The primary object of the present experiments was to obtain accurate 
results at high frequencies, in particular on the relation between frequency 
and threshold. In a general way, the results agree with the above scheme. 
It is not possible, however, at the present stage, to describe quantitatively 
the cumulative effects of local action currents. For this, further know- 
ledge is required of (i) the way in which a repetitive local response can 
sum, (ii) the restoring effects of the anodal half-waves, and (iii) whether 
or not the repetition of a local response is limited by a “local refractory 
period 

In spite of the lack of an adequate mathematical theory, a quantita- 
tive account of the experiments may be given now, in the hope that 
future work may permit of a more complete interpretation. At present, 
the predictions of Hill’s theory [1936], or rather the divergences from 
them, may serve as a quantitative guide through the experimental 
METHOD 

were employed throughout, at 2-25° C. Muscle response was used at all 
frequencies as index of nerve excitation. In most experiments, the 
muscle was observed directly so that changes in size and localization of 
the threshold. index could be controlled. The use of muscle instead of 
nerve response had the advantages (i) of avoiding “earth-leaks”, which 
may be introduced by the galvanometer circuit, and (ii) of allowing the 
relation between “initial” to be 
easily investigated. - 
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The preparations were soaked usually for 2 hr. in aerated Ringer 
solution, and then set up in a paraffin wax chamber. The proximal 
_ electrode (calomel half-cells) was applied to an injured part of the nerve 
so as to provide excitation at one point only. 

_ Oscillator. The oscillator (Muirhead, N.P.L. type) described by Hill 
et al. [1936] was used together with an amplifier (Muirhead, “push- 
pull”), the anode current of which was provided by the mains. This 
made particular precautions necessary to avoid the effects of “ground 
leaks” (see below). The frequency range from 150 to 10,000 per sec. 
(upper limit of oscillator) was studied. 

Apparatus for “ fluctuating” stimulation. When studying “steady” 
excitation by high-frequency alternating current, it is essential, as pointed 
out by Hill [1936, p. 341], to use a steady response as index. This, how- 
ever, is difficult to obtain, owing to the rapid onset of a refractory state 
at the neuro-muscular junction and 
also at the point of stimulation. To 
overcome this difficulty the current was 
made to fluctuate between zero and 
threshold intensity at a constant low 
rate of about 20-25 per sec. In this way 
it was hoped to obtain a steady muscle 
response at all frequencies and to avoid 
the disturbing influences (i) of an initial 
transient effect, and (ii) of the frequency 
of actual excitation. 


During the course of this investigation it 
became clear that it would also be safe to use, 
as index of “steady” stimulation, the regular 
occurrence of initial twitches with unmodulated 
alternating current. The main part of the argu- _ 
ment, however, is based upon a steady response 
to fluctuating current as the most reliable index. 

The apparatus used for this purpose 
was constructed by Mr J. L. Parkinson 

. 1. Apparatus “ fluctuat- 
(Fig. 1). It consisted of a disk rotating alternating 
in a glass tube filled with fluid; the fromoecillator, B,, By, leads to stimu- 
alternating current was led from the b, , by, rotating 
amplifier to two metal plates fixed on | 
opposite faces of the tube; two other plates fixed on the rotating disk 
provided the Voltage for the stimulating circuit. The principle of this 
method is similar to von Fleischl’s orthorheonome [see Biedermann, 1895] 
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and to an arrangement described by Coppée [1934] for producing sine 
wave current of very low frequencies. As metal electrodes, platinized 
silver plates were used; as high fluid resistance (about 20,000-40,000Q. ) 
ordinary “distilled water” proved suitable. Constant-current leakage 
into the stimulating circuit was prevented by inserting a 6 pF. condenser. 

The maximum amplitude of the stimulating current was reached 
when the rotating electrodes faced the fixed ones; in this position, a 
relatively large amount of the available current was utilized, since the. 
‘diameter of the disk was made only slightly smaller than that of the 
glass tube. The-fluctuation of current intensity was, under these condi- 
tions, not sinusoidal but of a form shown in Fig. 2. ) 

The instrument was tested (a) by setting the disk in various positions 
and reading the current in the stimulating circuit with rectifier and 
microammeter (Fig. 2), and (6) by oscillograph records with rotating 
disk (Fig. 3). The disk made usually 10-12 rev./sec. (The record of 
Fig. 3 was obtained at a higher rate.) The effective current intensity was 
read by stopping the motor and setting the disk to the maximum posi- 
tion: changes with frequency, therefore, of the current distribution in 
the fluid did not affect the reading. This procedure, however, is correct 
only if the current is not altered during rotation: it was not desirable to 
run the machine faster than at 20 per sec., since at greater speeds a deep 
vortex was formed, slightly increasing the potential drop between the 
movable electrodes. This was tested by reading the current in the 
stimulating circuit with various speeds of the machine and varying the 
level of the fluid. No change was observed unless the vortex closely 
approached bas disk. This was carefully watched in all the later experi- 
ments. 

It was also essential that the machine should run without vibration, — 
which may produce “kinks” in the alternating current waves and alter 
their stimulating effect; with the final arrangement no such disturbance 
was found. ae 

It might be argued that the fluctuating alternating current does not 
fulfil the requirements of “steady” stimulation, since the amplitude of 
each half-wave differs from the preceding one; with a rate, however, of 
15 rev./sec. and a frequency of alternating current of, for example, 
5000 per sec., the difference between two successive amplitudes is always 
less than 1-4% , and becomes negligible near the crest-of the “fluctuation 
wave”, The use of the present method is, of course, limited to fre- 
quencies which are at least 15-20 times higher than the rate of the 
“‘fluctuating apparatus”. In this case, the effective maximum amplitudes 
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of the stimulating current fluctuate by less than 7 %; if the ratio is 
30 times, the maximum ‘fluctuation is only 24%. With a stimulus 
— a few seconds, no appreciable error is introduced by this. 


Bee. a, “stationary” test of fluctuating alternating current. 
along dial. 6, tests of “‘spring rheonome” {von Kries, 1884]. 1 and 3, “stationary” — 
' tests with the usual resistances in circuit. (3, with simplified electrodes; deviation from 
linearity is only slight.) 2, stimulating circuit replaced by low resistance (therefore 
not linear) in series with rectifier, meter and Downing oscillograph. Dots: “‘stationary”” 
test; crosses: mean taken from three oscillograph records. 


Fig. 3. current (1000 per sec.) and linearly rising atorating 
current (500 per sec.) recorded with Downing oscillograph. 
At high frequencies more stimuli of nearly threshold strength are 
allowed to pass throuzh the nerve than at low frequency. The results, 
however, showed that in the majority of cases the method served its 


purpose, viz. to avoid the onset of progressive “ refractoriness ” at — 
frequencies, 
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In some cases, especially in potassium-rich nerves, high-frequency 
alternating current produces a marked “cathodal depression” analogous 
to the accommodative effect of a constant current [see also Katz, 1937]. 
Under such conditions, slowly increasing alternating current is very 
ineffective, like slowly increasing constant current. Obviously the 
“fluctuating” arrangement would be objectionable in these cases, since 
the results would be complicated by an “accommodative” threshold rise- _ 

In some experiments, the relation between rate of rise and threshold 
intensity of an alternating current was studied quantitatively. For this 
purpose, a “‘spring rheonome” (described by von Kries [1884], con- 


structed by Mr J. L. Parkinson) was used, providing linearly increasing =» =. 


—, currents (Fig. 3). In normal preparations (cf. Table I), the 
I. Linearly increasing alternating current 


(rise in 
Freq. 1, (inst. rise) 0-21 sec.) 
Normal Ringer 5000 8-0 8-04 1-0 
7000 11-2 11-5 1-03 
10 x potassium 200 1-95 2-03 1-04 
500 281 3-82 1-36 
1000 4-31 6-73 7 1-56 


5000 time of | 0 0-016 0-032 0-048 
Tise, sec. 
Lit 10 317 5:3. 


1-7 3°25 
Normal Ringer 5000 9-31 10-25 1-1 
9000 16-0 17-12 1-07 


threshold rises, on the average, very little even vif the stimulus increases 
very slowly to its final strength (in } sec.). Often no significant difference 
between instantaneously and slowly rising alternating current was found. 

“Fluctuating”’ alternating current which rises in 1/50 sec. has clearly no 
appreciable accommodative effect on normal nerves. In potassium nerves, 
however, a marked depressing effect is observed, especially at frequencies 
above 1000 per sec. (Table I). For further details, the previous paper 
[Katz, 1937] must be referred to. 

Stimulating circuit and measurement of current. The arrangement was 
essentially the same as described by Hill et al. [1936]. The total potentio- 
meter resistance, however, was 50,000Q. (instead of. 110,000), the 
resistance in series with the preparation 274,000Q. (instead of 1 MQ.) 
and the current in the total circuit varied between 0-2 and 1 mA., 
depending upon the excitability of the nerve. For each threshold 
determination, the current i in the meter and the resistance R, of the 
potentiometer were read. The peak current flowing through the nerve 

14—2 


t 
3 
b 
- 
ag 
ir 
2 
pt 
4 
& 
og 
aa 
4 
it 
a 


208 | B. KATZ 


po 
was calculated as J=1.1-1354/2 R,/(R,+R,), where R,=274,000+ 
preparation resistance. R, was assumed to be 320,0002., except when 
the interelectrode distance was varied. 

Great precautions were necessary in order to prevent high-frequency 
leaks, in particular to render negligible the influence of earth-capacitative 
connexions of various parts of the stimulating circuit. The table was 
kept dry by an electric heater; connexions of the stimulating circuit were 
short, and a suitable point for earthing found. Various tests were made 
to ascertain that the intensity of the stimulating current flowing through — 
the nerve was correctly.determined by the observed values of ¢ and &,. 
-The preparation was replaced by another rectifier (350 A. instrument) 
and microammeter, and the resulting current read (a) for various values 
of i and R, at a given high frequency, (6) for given i and R, at various 
frequencies. No disturbance could be detected with the resistance 
combination mentioned above. Another, a physiological test, was also 
employed. Two threshold determinations were made at a given high 
frequency, with different values of i and R,; both readings gave identical 
results for J within the limits of observational error. If, however, a 
serious earth leak was present, a smaller value of ¢ required a dispro- 
portionally larger value of R,. This last test was made in almost every — 
experiment; the others were repeated at intervals. 

Influence of nerve impedance. The resistance in series — the 
preparation was made rather low (274,000Q.) in order to have the total 
current 7 as small as possible. The impedance change of nerve with 
frequency, therefore, was not entirely negligible. From the figures given 
by Hill et al. [1936], it appears that R, might fall by about 3% over the 
_ whole frequency range. This effect must be considered when comparing 
threshold intensities at a very high and a very low frequency. 


RESULTS 

Hill’s theory gives, for excitation by alternating current, well above 
the optimum frequency, 
I/Tg=+/(1 + | 
which, with a k of the order of 0-5 msec., becomes practically equal to 
I/I,=2nnk at frequencies above 2000 per sec. In this range I/2nn, which 
has the dimension of a quantity of electricity, would become constant 
and equal to Ik. According to theory [Hill, 1936, p. 351] [gk is the 
minimum quantity required for excitation with very short pulses. This 


was verified in experiments sane very brief condenser _— 
(unpublished experiments). 
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The theory, however, predicts that the initial excitatory effect should 
depend upon the phase of making the current, and that the maximum 


initial effect at high frequency should occur when the current starts at 


phase zero; the excitatory disturbance then attains a maximum during 


the first cycle, which is twice as high as that during the steady state (see 


Fig. 4). In the steady state the residual anodal effect of the preceding 
half-wave has to be neutralized; initially, starting at phase zero, it has 
not. The threshold, therefore, for “maximum initial” stimulation should 


100 200 300 


Fig. 4. Diagram illustrating changes of “local potential” (according to Hill [1936, 


p- 340]}) during alternating current stimulation at 10,000 per sec. k=0-5 msec. Upper 
part, full line: “local potential’’ initially, with current starting at phase zero; 
broken line: “local potential” during steady stimulation; dotted line represents the 
exponential initial term. of Hill’s formula. The “local potential” lags behind the 
current J (lower part) by about 47. 
approach one-half of that for steady stimulation; at very high frequency, 
I/xn should approximate to [,k (e. g. with k=0-5 msec. and n= 10,000 
per sec.; I/mm=1-05 I,k), i.e. as is really obvious physically, the total 
quantity of electricity flowing during the initial half-cycle a 
become constant. 


‘Ta INTENSITY /FREQUENCY RELATION BETWEEN 150 AND 
10,000 PER SEC. | 


Threshold determinations were made, at room temperature, at 


frequencies from 150 to 10,000 per sec. The series started at 10,000 per 
sec., falling to 150 per sec., each observation was then repeated in 
the reverse order and the average taken (a typical example is shown in 
Fig. 5). 

At the lower frequencies (150-1000 per sec.) the results agree with 
those described by Hill et al. [1936]. The relation between J? and n? is 
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usually straight up to 500 per sec.; from this, the aeitaiiie I, and k can 
be calculated (equation (1)). The divergence from theory, starting at 

about 500 per sec., increases up to about 5000-6000 per sec. Between 6000 
and 10,000 per sec. the threshold rises very closely in proportion to the 
‘frequency: I/n, which has the dimension of a “quantity”, becomes 
constant (Fig. 5, Table IV). plotted against 2xkn 


3 


30 5000 7 
25x10 5x10" 75x10? 10° 


Fig. 5. Experimental relation (1) between J and n, from 150 to 10,000 per sec., (2) between 
J* and n*, 150-1000 per sec., (3) between J/n and n, 150-10,000 per sec. 


(Fig. 7), gives a curve of consistent type, the final slope of which, however, 
varies appreciably; but this is always much smaller than the theoretical 
slope +1. 


THE CONSTANT QUANTITY RELATION AT HIGH FREQUENCY 


The constant value of I/n at high frequency provides a convenient 
measure (a) of the difference between theory and experimental result, and 
(b) of the rather variable final slope of the individual relation between J 
and n. I, and k were found at low frequency (see above), and the value 
of I/2an at high frequency. The ratio of I,k (Q)) to I/2mn (Q,) was then 
calculated. This ratio Q,/Q,, according to theory, should be 1; the ob- 
served mean value, however, of a large number of experiments is nearly 2. 

The variation of Q,/Q, in eighty-five experiments (including those 
obtained at low temperature and by comparison with condenser dis- 
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charges) is shown in Fig. 6. The mean value is 1-9 with a standard 
deviation of +0-185. (Q, was determined between 5000 and 10,000, on 
the average at about 8000 per sec.; the average k was about 0-6 msec.) 
Deviations from the general experience. Often the I/n value showed a 
slight tendency to rise at 9000 and 10,000 per sec. This was usually 
small; in some-experiments, however, I/n approached no constancy, but 
the curve bent upwards, J rising more than in proportion to n, above a 
certain frequency. Experiments of this type were not added to Fig. 6, 
since no evidence for the value of Q, was available from them. Not 


‘ 
% 


Fig. 6. Statistical distribution of the ratio Q,/Q, (Q.=1,%, Q,=47n). The value of Q,/Q, 
predicted by is 1. 


included, also, were (a) seven experiments, in which a rapid rise of 
threshold at high frequency, with successive stimulations, was noticed; 
their results, probably false, are shown in Fig. 6 with broken lines; 
(6) experiments on nerves soaked in a potassium-rich solution; (c) experi- 
ments with small interelectrode distance. Fig. 6 in fact represents 
the great majority of experiments made under normal conditions, on 
apparently stable preparations, which did not show obvious signs of 
“refractoriness” or “‘cathodal depression”. 

- The conclusion from these results is that a “steady” high-frequency 
alternating current has on the average about twice as much stimulating 
power as predicted by the simple symmetrical “local potential” theory. 
If the results are correct it would follow (i) that the equivalent asia 
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quantities required for alternating current and single condenser dis- 
charges are I/an and CV respectively (this incidentally is the “area” of 
a half-cycle of the current, and of the total condenser discharge), (ii) that 
aa steady * stimulation at high frequency is nearly as effective as the 
maximum initial effect would be according to theory Oe: 34 Both 
conclusions were easily tested by experiment. 


Comparison between short condenser discharges and high-frequency 
alternating current in the “constant quantity” region 
High-frequency alternating current (a.c.) and short condenser dis- 
charges (c.D.) were sent through the same preparation. 

Two series of experiments were made applying (a) repetitive con- 
denser discharges at 17 per sec. with a commutator (Pye), (0) a single 
discharge with the usual Morse key method. 

For direct comparison of fluctuating a.c. and condenser shocks it 
may be essential to use repetitive discharges [cf. Hill e al. 1936]. A 
standard dial condenser (1-10 muF.) was used. The resistance R, of the — 
discharge circuit was 1000(., shunting the preparation which was in 
series with 274,000. Thus R, was the same for a.c. and c.D. Capacities 
between 5 and 10 muF. were used,.so that the nominal discharge time 
RC was 5-10 psec. The discharge voltage was read, and the quantity 
discharged through the nerve found as Q,=CVR,/(R,+R,). In each 
experiment, the threshold was determined for two a.c. frequencies and 
for two values of C so as to ascertain that the stimuli lay within, or 
sufficiently close to, the region of constant quantity. a.c. determinations 

_ were made before and after c.p., and the mean of two readings (for each 
n and () taken. 

In the commutator experiments, the effective discharge was pre- 
sumably somewhat slower than calculated from RC, owing to possible - 
resistance at the brush contacts. With the smallest RC used (5-1 psec.) 
the linear speed of the commutator ring just reached the lower limit 
(0-01 mm. during one discharge time RC) suggested by Hill [1934]. If 

the actual discharge, however, occupied double the time intended (which, 
with R,=1000 Q., is unlikely) the discharging quantity would only lose 
a small percentage of its stimulating effect. 

Table II gives a typical example, Tables III and II1a a summary of 
these experiments. The mean value of Q,/Q, (CV /(I/2an)) from Table III is 


From Hill (1936, equation (32)], with k=0-5 msec. 


Q/Q 1-048 1076 1-132 
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TABLE Il. Comparison between short condenser discharges and high-frequency 
alternating current 
current (mean of two determinations) 
Q,=1/2an 
R, R, +R, IT pA. 10-* coulombs 
10,000: 487 13,250 333,000 310 494 
~ §,000 474 6,650 327,000 15-4 491 
Condenser discharges: R, = 1000 Q., R, + R,=321,000 02. 
Cc =CV. 
10 32:3 ‘1005 
6 53-35 995 
Q1/Q,=2-02, 


alternating current (n =7000-10,000 per sec.). Temperature 21-22° C. 


a= 769 #793 595 684 661 670 9658 


co 
QO 172 19 20 224 20 242 184 1-84 


Mean 1-99. 


* Different size 0 of threshold response to alternating current and condenser discharge. 
Possibly different fibres excited. 


TaBeE III a. Comparison of (i) single short condenser discharge (Q,). (ii) maximum 
initial (Q,), and (iii) steady effect (Q,) of high-frequency alternating current: 
all in coulombs x 10-*. Temperature 19-22° C. 


- =1,/2an 
Q,=CVR,| (n=10,000 or 
(R,+R,) 5000 persec.) Q,=1/2nn 
1510 796 854 1-9 1-77 
1185 650* 663 1-82 1-79 
1200 642 680 1-87 1-77 
1315 610* 616 2-15 ais: * 
494* 494 . 2-02 2-02 
117 576* 587 2-04 2-0 
1270 610 695 2-08 1-825 
1412 741 761 1-93 1-855 
1145 595 614 1-95 1-865 
888 499 514 1-78 1-73 
Mean 1-95 1-88 


* No effect’. 


1-99, from Table Illa 1-88 (CV =1-0 and 0-94 respectively). 
The value obtained from Table III may need a reduction of 3-4%, due 
to a possible difference between measured (stationary) and actual 
intensity of the alternating current (the precautions mentioned on p. 205, 
third paragraph, had not been taken). Q,/Q, would then become 1-91-1-93. 

The result of these experiments agrees with the conclusion drawn in 
the previous section, viz. that I/mn at high desist and CV are 
approximately equal. 
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The initial effect at high frequency | i 
It was further concluded (p. 212) that the steady effect of high- 
frequency alternating current is nearly equal to the theoretical “‘ optimum 
initial” effect. The experimental verification is shown in Fig. 7. ‘The 
mean values of ten experiments were taken at each frequency and 


| 


Fig. 7. Mean of ten experiments. I/I, plotted against 2rkn (n=150-10,000 per sec.). 
For comparison, two theoretical curves are drawn. 1, theoretical relation for “steady”’ 
excitation; 2, for ‘maximum initial’ effect. 


‘Taste IV. Mean values of ten experiments. Temperature 22-7° C. I,=1-81 pA., 
 k=0-475 msec. Q)/Q,=1-89. 


n 150 300 400 500 «(1000 2000 3000 
I, tis (peak) 1-97 2-44 2-82 3°22 3°95 4-88 751 =9-96 
Q 2005 1295 1123 1025 898 778 599 530 


coulom 

n 4000 5000 ° 6000 7000 8000 9000 10,000 
(peak) 12-45 1497 1766 20- 23-4 26-5 29-6 
Q (1/2mn) 497 477 469 . 467 467 469 471 


10-8 coulombs 


plotted on a suitable scale (I/I, related to 2rkn). The actual numbers are 
given in Table IV. Two theoretical curves are drawn: (1) for “steady”, 
(2) for maximum initial (“zero phase”) effect. The experimental data 
_ above 500 per sec. diverge from curve (1) and follow curve (2). 

Method for comparing “ steady” and “maximum initial” effect. In the 
first experiments, a commutator (Pye) was used producing abrupt 
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pulses of alternating current at a rate of 16-40 per sec. The pulses lasted 
some milliseconds, the ratio of pulse to interval being about 1/10-1/20; 
this could be varied by using two rings adjustable on the same shaft. 

This method had certain disadvantages: disturbing mechanical 
vibrations, and slight irregularities at the contacts which would seriously 
affect the initial cycle at high frequencies. In most experiments, therefore, 
it was replaced by the simple procedure of sharply opening the short- 
circuiting ‘Morse key. With a sufficient number of trials, one should 
approach the “zero-phase” effect with a high degree of probability. 
Assuming that at high frequencies the excitatory effect is determined by — 
the quantity of electricity, the required total quantity discharged by the 
end of the first cathodal half-cycle must be constant. If ¢ is the phase of 
current start, and J its amplitude, for threshold excitation, 


_ [2ant=(7—€) 
1 sin (2nnt-+e) dt=(I/2nn) (1-+08 «) 
2mnt=0 | 
must be constant. If J, is the threshold intensity for «=0, the solaises 
between ¢ and //I, is as follows: 


te 0 5 35:0 483 575 706 799 90 


The intensity was varied in steps of 5-8%, twenty trials being made 
at each setting; the determinations were repeated in the reverse order 
so that finally, at 5-8°%% below the observed threshold, forty unsuccessful 
trials had been made. There would be 95% probability of approaching 
I, within 5% once in twenty trials; 3 9% probability of approaching it — 
within 10%. 

The results showed no consistent difference whether obtained with 
commutator or Morse key.. 

The observed relations between “steady” (J,) and “initial” (J,) 
threshold varied somewhat from experiment to experiment, and can 
roughly be divided into the following groups: | 

(i) No “random effect” was found. The threshold for steady response 
with fluctuating alternating current, was, within a few per cent, identical 
with the lowest “initial threshold”; the threshold response to an in- 
stantaneously starting alternating current was a regular twitch or short 
tetanus. 

(ii) Casual initial responses were present, but the difference betwen 
I, and I, was so small that they might have been due to an instability 
of the preparation rather than to a random phase of the current. 
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(iii) Often, however, a distinct initial random effect was found, 
associated usually with a low value of Q,/Q, (pp. 210-11). The initial 
_ threshold responses appeared usually once or twice in twenty trials. The 
differences between I, and J, did not exceed 10-20% (theoretically they 
should be more than 90%). al | 
_ To summarize the results, the quantity Q, (=1,k) was related this — 
time to Q, (=I,/2nn). The mean value of Q,/Q, in forty-six experiments 
was 1-93, for an average n of 8100 per sec., and an average k of 0-62 msec. 
Hill’s theory (cf. Fig. 4) predicts Q,/Q;=1-91. 

_ It might be objected that, in comparing steady stimulation with the 
initial phase effect, one deals, in the first case, with prolonged repetitive 
stimuli, in the other case, with one very brief pulse only. Hence, the 
comparison might be affected by the “subliminal facilitation” described 
by Hill et al. [1936], present in the former, but not in the latter case. To 
check this, ten experiments were made in which “initial” alternating 
current was compared with stimulation by a single, very short condenser 
discharge. The results are shown in Table IIIa: Q,/Q; averaged 1-95, 
which does not differ appreciably from the previous result. __ 

This result confirms the conclusion (p. 212) that the optimum initial 
effect is not, or not much, greater than the steady effect of a high- 
frequency alternating current. 

Whether the numerical agreement between the observed and calculated values of Q,/Q, 
is more than a matter of chance, is doubtful. Since the response to a threshold shock remains 
localized in the stimulated region for some time [Blair & Erlanger, 1936; Katz, 1937], the 
second half-wave and some of the subsequent cycles are bound to affect the local excitatory 
process, One can, however, conclude from the present experiments that the optimum 
initial effect of a high-frequency alternating current (in contrast to its steady effect) is not 
greater than predicted by the “local potential”’ theory. 

The results of these, together with previous experiments [Gilde- 
meister, 1930; Katz, 1937], can be summarized by the statement that a 
steady high-frequency alternating current attains twice the stimulating 
power which it would have if its opposite half-waves had symmetrical 
effects. The evidence previously described [Katz, 1937] leaves little 
doubt that there is an additive cathodal component which is largely, if 
not entirely, due to the presence of subliminal activity supporting the 
cathodal half-cycles. 


Excitability tested at the end of an alternating current stimulus 
The previous conclusions have various other experimental aspects. 


If for instance, the excitability is tested by a short condenser discharge 
immediately at the end of an alternating current pulse (high frequency, 
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nearly liminal stimulus breaking at random phases), it is found that the 

mean threshold is considerably lower than, while on all the ee 

theories it should be the same as, during the resting state. 
This effect can be demonstrated quite simply with the arrangement 


o _ shown in Fig. 8 (i). Opening of key K, sends the alternating current 


through the nerve, closing of K, provides an effective short-circuit for 
the alternating current and charges the condenser ( through the 
resistance R, to voltage H. The theoretical net effect of closing K, 


Fig. 8. Cireuits used for testing excitability changes at the end of an alternating current 
pulse. (i) M, rectifier and meter; R,, variable resistance, 20,000 Q.; R,, 2000 Q.; 
C, variable condenser of the order of 3 muF.; V, 6-10 V.; K,, K,, stimulating keys. 
(ii) alternating current circuit as in (i), but without condenser C. a, b, c, terminals of 
commutator ring operating the test shock. K,, key operated by separate ring of same 
commutator, short-circuiting the alternating current. Ky, Morse key cae for 
stimulation. 


(with H=0) was salealatad by Prof. Hill; it amounts to an “instan- 
taneous” reduction of the “local potential” to +1/2mnk of (V — Vo)max, 
varying with the phase at which the key is closed. With k=0-4 msec. 
(frog’s nerve at 20°C.) and n=5000 per sec., the net effect of closing 
K, would be +8% of (V — Vq)max. 

It was found that, with a conditioning alternating current of 5000 per 
sec., at about 5% below threshold the condenser shock excited regularly 
even at 10-15% below its resting threshold strength. When its intensity 
was further reduced, the responses became irregular, and disappeared at 
about 0-5 “resting threshold”. Confirmatory results were obtained from 
experiments in which the excitability was tested in the ordinary way 
(using a double ring commutator, Fig. 8, (ii) [cf. Katz, 1937]. 
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- These results agree qualitatively with the previous evidence. The 
conditions are, however, not exactly comparable, since in the present 
_ experiments, the alternating current lasted much longer before its effect. 
was tested, and it was relatively weaker (subthreshold esi std 
— than in the previous series. 


The “asymmetrical” effect (p. 203) of alternating currents is abvigualy 
not a special property of their sinusoidal wave form. The same phe- 
- nomenon can be obtained with high-frequency two-way shocks of any 
- shape, e.g. short condenser discharges. 

This has actually been observed by Hill e al. [1936], though the 
authors misinterpreted their own results. They found that, at 27° C., 
the threshold for alternating short condenser discharges (RC = 20 psec. 
remained practically unaltered as the frequency increased. In twelve 
experiments there was an average rise of 1% between 200 and 2000 
per sec. Later experiments, in which the muscle response was used as 
index, gave even a slight fall of threshold over the same range of in- 
creasing frequencies (see Table VI below). 

This result obviously disagrees with Hill’s theory, according to which 
the threshold, for steady two-way stimulation, should rise with. in- 
creasing frequency. At the beginning of each cathodal discharge’ a 
“local potential” of opposite sign would be left by the preceding shock; 
this must be neutralized and, therefore, for steady stimulation, a stronger 
stimulus would be required. 


‘The residual effect of steady stimulation, st any moment, can be calculated {ef. 
_ Bugnard & Hill, 1935). 

Let t, be the time after the beginning of a discharge (of cathodal sign), and 7' the interval 
between two opposite shocks [for the other denotations, see Hill, 1936], then one obtains 


This becomes a maximum for 


(72 1 
k l+e-Th ) 


Let E be the threshold for » single discharge, and B, for steady stimulation. Then, for 
steady threshold excitation, neglecting accommodative effects, which are extremely small, 
-V,=U, V,=bkH,/R (Hill, 1936, 
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_ With very short shocks (RC/k being very small) £,/E =1+¢-7, For the conditions of 
Hille al, experiments (2000 two-way shocks per sec., RC =20 psec., k e.g. =0-25 msec.) 
_ E,/E would be 1-41. The observed value was 1-01, 

This divergence is clearly of the same kind as that found with sinusoidal currents. 


The effect of small interpolar length | 
The summing “cathodal” effects of a high-frequency alternating 
current must be present in the region of both stimulating electrodes if 
both are applied to normal parts of the nerve. More explicitly, a local 
response will develop in two regions of the nerve at the same time. It 
should be possible to utilize this situation more effectively by placing 
both electrodes close together. In this case, one would obtain, in addition 
to the temporal summation at each separate lead, a mutual support of 
both active regions, due to their spatial overlap. As a practical conse- 
quence, the effects previously described in this paper should become 
greatly enhanced, due to a spatial summation, if the interelectrode 
distance is small. | | | 
Method, Three stimulating leads, A, B, C, were used providing two 
interelectrode distances (BC about 1-2 mm., and AC about 25 mm. 
respectively). The distant electrode A was placed on an injured point. - 
The intensity/frequency relation was studied, and a comparison made 
between (i) high-frequency alternating current, and (ii) low-frequency 
short condenser discharges, with both distances. , 
In most experiments attempts were made to eliminate the influence 
of local threshold differences between the two excitable points B and C, 
and to use the more excitable point as the common lead for both inter- 
polar distances. This was done by testing the excitability (i) with 
alternating current, electrodes being applied to AB and AC, (ii) with 
condenser discharges, cathode being at either B or C. Thus, the thres- 
hold values for both distances are directly comparable, if not stated 
otherwise. 
The D.c. resistance of preparation and electrodes was always 
measured for both distances. | 
The results were consistent and clearly confirm the above expectation. 
The divergence of the experimental relation between J and n from Hill’s 
theory is greatly enhanced if the interelectrode distance is small (Fig. 9, 
and Table V). The well-known threshold differences between small and 
great interpolar length [cf. e.g. Rushton, 1927] may be completely 
abolished or even’ reversed if a high-frequency alternating current is 
used. 
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At 10,000 per sec., the threshold intensity is about the same for 
15-2 and 25-30 nim. distance, while with very short condenser dis- 
charges about 35% difference is found. No initial random effect was 
found with small distances, even when it was marked for greater inter- 


polar length. | 
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- Fig. 9. Effect of interpolar length. Relation between J and n at 150-10,000 per sec. 
a, 27 mm.,; b, 1-5 mm. distance. (Far end injured, excitability at ““movable”’ electrode 


not tested.) 
V. The effect of interpolar length 


Long Q,/Q, 1-93 181 198 194 224 20 20 2427 1-84 1-87 
(l-2mm.) 3-72 3-24 333% 3-08 3:24 325 295 302 3-09 3-34 
Q,/Q,, mean: long, 2-0; short, 3-23. 
Short distance (mm.) _ 1-5-2 mm. is 0-8 
Alternating current 105° 1-085 1-025 0-876? 1-095 1:1* 0-98 0-795 
Qrome!Q short, | 
nser discharge 0-782 0-705 0-692 0-71 0665 — — 0-444 
Qiong! Q short 


Qiong/Q sno t» Mean: alternating current, 1-0; condenser discharge, 0-664. 
* Qsnort Still distinctly decreasing at 10,000 per sec. 
? Different size of threshold responses. Possibly different fibres excited. 


There was often a crossing of both intensity/frequency curves 
_ (Table V); the effect, however, was small and may have been partly due 
to an error involved in the estimation of the nerve resistance (part of R,). 
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‘Summarizing the results of Table V, a steady high-frequency alter- 
nating current, with large separation of the electrodes, has about twice 
the predicted power; if the interelectrode distance is small, the stimu- 
lating efficacy becomes about three times as =a as predicted by the 
“local potential” theory. 

The same effect is observed with two-way condenser discharges — 
(Table VI). In the case of small interpolar length there is a considerable 


TaBLE VI. Alternating short condenser discharges. Muscle response as index. 
Effects on threshold of (i) frequency, and (ii) interpolar length 


- Fall of threshold from 180 to 1850 
second 


two-way discharges per 
~ No. of : : Short distance 
experiments Temp. ° C. _ Long distance (1-5 mm.) 
4 26% 256 


fall of threshold as the frequency increases; consequently, the threshold 


_ differences between long and short distances are reduced. Judging from 


the alternating current experiments (Table V), the threshold differences 
might be cancelled or even reversed if a high enough frequency could be 

It may be recalled that the same “spatial summation” can be 
demonstrated if two opposite shocks are applied, within a short time 
interval, through a small interelectrode distance [Katz, 1937, p. 262]. 
Presumably, the second (“test”) shock (or each successive discharge, or 
half-cycle) sums with the local response —! the nerve from 
the other electrode. 

‘The effect. of low temperature 

Method. Preparations were soaked for 2 hr. at room temperature, 
then for several hours in a refrigerator at 2-8° C. On the same prepara- 
tion the intensity/frequency relation was determined at ordinary and 
low temperature, sometimes a third series was added after returning to 
room temperature. 

To find IJ, and k at low temperature, a very low-frequency range must 
be examined [Hill et al. 1936]. This was done with continuous alternating 
current stimulation (30-200 per sec.), since the use of fluctuating alter- 
nating current was impracticable below 150 per sec. (see p. 205). 

The phenomena, at about 3°C., were similar to those at room 
temperature, but occurred at about one-fifth of the frequency. — | 
. The relation between J? and n? was linear from 30 to 100 per sec. 
(instead of 150-500 per sec.). Above 100-150 per sec. the usual deviation 
PH, XCVI. : 15 
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from theory was found. Q,/Q, approached 2 at frequencies near 2000 per 
sec. (instead of 5000-10,000 per sec. at room temperature). 
~ At higher frequencies (5000-10,000 per sec.) the threshold for steady 
‘stimulation rose more than in proportion to n. With initial “zero phase” 
stimulation there was little or no random effect up to about 2000 per sec. 
At 5000-10,000 per sec., however, distinct random effects and a large 
divergence between both values were found, Q, remaining approximately 
constant while Q, was rising. . 7 
The reason why “steady” and “optimum initial” effects begin to 
diverge at frequencies greater than about 2000 per sec. is not clear; it 
~ may be due to the onset of a strong “cathodal depression” which has 
been found to occur at low temperatures, perhaps as in potassium-rich 
nerves [Rosenberg, 1920; Kichler, 1933]. It would be of interest to 
investigate a correspondingly higher frequency range at ordinary 
temperature. 
Discussion 

It has previously been pointed out that the effects of a high- 
frequency alternating current, which diverge conspicuously from the 
predictions of the classical theory, are entirely consistent with, indeed a 
consequence of, the intervention of local action currents reinforcing the 
effect of the cathodal half-cycles. The observed phenomena which would 
find a satisfactory interpretation on this basis are the following: 

(i) The threshold intensity is reduced at high frequency below the 
value predicted by Hill’s theory, and the efficacy . the current increased 
as compared with a single shock. 

(ui) The difference between “optimum initial” and “ ‘aad stimu- 
lation is reduced or abolished [see Gildemeister, 1930]. 

(iii) The utilization period of the alternating current is lengthened 

since not one half-cycle but the summing effects of many periods are 
involved [Gildemeister, 1930]. 

(iv) A “spatial” summation takes place if the interelectrode distance 
is small. 

(v) Secondary ‘ and “accommodative” threshold 

changes are produced above a certain subliminal intensity [Katz, 1937]. 
(vi) Local “catelectrotonic” inhibition and blockage occur if strong 
and prolonged high-frequency alternating current is applied [Katz, 1937]. 
(vii) Subliminal alternating currents produce, above a certain inten- 
sity, a local “negative variation” of the resting potential [Katz, 1937]. 
One might ask whether all these phenomena are entirely due to a 


local active change of the resting potential, or perhaps partly to a 
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‘‘passive”’ physical rectification of the current lines which traverse 
envelopes and sheath of the nerve fibres. It is very difficult to answer this 
question decisively. There is good evidence for the existence of a local 
response [Rushton, 1937; Hodgkin, 1938; Katz, 1937], but none for a 
passive rectification; yet more coniplete information on the properties 
of the local response is required to dissociate or eliminate clearly such 
additional possibilities. 

In a recent paper Blair [1938] es expressed doubt whether the 
local negativity produced by a subliminal high-frequency alternating 
current may not be due to an artefact such as a physical rectification. 
This possibility had been discussed in detail in a previous paper [Katz, 
1937, p. 271, ete.], and an experimental answer to Blair’s question can be 
found there. 3 

One might, of course, consider the local response itself as due to some 
kind of “rectification”, “‘non-linear characteristic”, etc., of the excit- 
able membrane. This suggestion, which refers to the physico-chemical 
properties of “excitation”, remains obviously untouched by the present 
discussion. 

tion of non-medullated nerve (limb nerve of Carcinus maenas). In these nerves the intensity / 
frequency relation shows, at high frequencies, the same divergence from Hill’s theory as 
found in frog’s nerve; the corresponding frequencies, however, are about one-third as great. 
The effect was observed on normal (sea water) nerves, and on Ca-rich preparations (} iso- 
tonic calcium +4 sea water) in which the repetitive response is abolished; with the electric 


few motor units only) as index. 


SuMMARY 

Excitation by high-frequency alternating current is investigated on 
frog’s medullated nerve. 

_ A method is described (“fluctuating” alternating current) which 
ensures a constant low rate of nerve impulses independent of the 
frequency of the applied alternating current. In this way, the onset of a 
refractory condition, during steady stimulation, can be avoided. 

At high frequency, marked divergences from the existing theories are 
observed, in agreement with previous experimental findings. These can 
be interpreted as the consequence of a local response, present with 
subliminal stimulation [Rushton, Hodgkin, et al.] and supporting the 
excitatory effect of the cathodal half-cycles. 

The relation between threshold intensity and frequency is studied in 
detail. It diverges, at high frequencies, from Hill’s “local potential” 
theory. The stimulating power of a steady high-frequency alternating 
15—2 


4 
“a 
& 
A 
¥ 
> 


224 3 KATZ 


current is iniaty 100% higher than sosibot: This divergence begins, in 


frog’s nerve (room temperature), at 500-700 per sec. and is completed at 
about 5000 per sec. 

This result is obtained in three independent ways: (i) from the 
intensity /frequency relation itself, (ii) from a comparison between high- 
frequency alternating current and single short condenser discharges, 
(iii) from a comparison between “steady” and “optimum initial” effect 
of high-frequency alternating current. 

Corresponding phenomena are obtained with short two-way con- 


com discharges of high frequency. 


It is suggested that the asymmetrical effects of two -eioeaiiib half. 
cycles (with anodal shocks, “local potential” only; with cathodal shocks, 
“local potential”+local response) account for a local summation with 
alternating stimuli. This would explain the relative increase of the 
excitatory effect at high frequencies. 

This phenomenon becomes greatly setae with a sina inter- 
electrode distance. In this case, a spatial summation of the local excita- 
tory events takes place, the local response at one electrode reinforcing 
that at the other, in addition to their progressive growth during successive 
cycles. 


My sincere thanks are due to Prof. A. V. Hill for his encouragement and continued 
interest during this work, and to Mr J. L. Parkinson for his invaluable technical assistance. 
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THE EFFECT OF TEMPERATURE UPON DORSAL 
ROOT POTENTIALS IN THE FROG 


By CECILE BOLTON FINLEY 
“From the Physiological Laboratory, Cambridge 
i (Received 5 May 1939) 


‘WHEN ‘ialiibaas enter the spinal cord of the frog, slow potential changes 
result, and these spread by electrotonus to the dorsal roots where they 
can conveniently be recorded [Barron & Matthews, 1938]. These potential 
changes are constant in form if the recording electrodes are on a divided 
root suspended in air. But if the roots are in continuity, the form of the 
changes may be complex because the distal part of the root acts as a lead 
back to the cord and gives a “diphasic” derivation [see Bonnet & Bremer, 
1938]. The present paper reports the results of an investigation of the effects 
of temperature upon the latency and form of the potential changes taking 
place in the dorsal roots cut distally, when a single volley of impulses 
enters the cord of Rana esculenta. 


The amplifying and recording system used have been described by 
Matthews [1938], and the experimental procedure, also previously 
described by Barron & Matthews [1938], is only briefly reviewed below. 
In certain experiments, indicated in Fig. 2, stimulation was via a dorsal © 
root and in these a condenser coupled amplifier was used. 

The frogs were decerebrated and immobilized by subcutaneous 
injections of curare. (Injections of 3c.c. 1% Gourd curare per kg. of 
body weight had previously been found sufficient to immobilize the 
animals without altering the cord potentials, and the mechanical dis- 
turbance of the cord which occurs when the anterior roots are sectioned 
was thus avoided.) The spinal column was opened, the dura removed; a 
dorsal root was lifted and divided distally, tied with silk, and freed to 
the point of its entrance into the cord; the sciatic nerve was divided at 
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the knee and freed for from 3 to 4 cm. onthe 
- recording electrodes, and the sciatic nerve on the stimulating electrodes, 
while the remaining intact roots provided pathways to the cord for the 
impulses set up. When the cord was continuously irrigated with 
oxygenated Ringer’s solution [Kato’s formula, 1934], the dorsal root 
potential resulting from maximum induction shocks to the sciatic nerve 
was of large size (usually upwards of 1 mV.) and could be obtained for 
from 8 to 24 hr. after the cord was exposed. 

The preparation was set up in a box the temperature of which could 
be varied by means of an electric heating unit or by packing the box with 
ice. (Temperatures were recorded from a thermometer placed under the 
skin of the frog’s back.) The responses were recorded at intervals of 
5° ascending or descending from 15°, occasionally descending from 25° 
or ascending from 5°. Since the production of a change of 5° in the 
temperature of the preparation required from 30 to 60 min., records of 
the reactions at three to six different temperatures were distributed over 
a period of from 3 to 8 hr. during which no measurable difference in the 
potential change at constant temperature occurred, although there was 
some indication of a progressive increase in the size of the stimulus 
necessary to produce a maximum response. : 

The potential change recorded when a single afferent volley was set 
up varied from about 1 to 4mV., but the magnitude of the potentials 
registered at different temperatures is not comparable, since the position — 
of the electrodes was not always at exactly the same point on the nerve. 
The leads were usually about 1 and 7 mm. respectively from the cord. 
When the root on the recording electrodes was itself stimulated by 
electrodes at its distal end, the potential changes recorded were similar 
to those recorded when the afferent impulse volley entered by different 
roots. 

_ At 25° C. the amplitude of the response was reduced, possibly because 
the oxygen supply was inadequate to maintain the increased rate of 
metabolism. (When much reduced the response became irregular and 
the latency was increased.) However, the more rapidly the preparation 

was heated, the better it survived, and results have been tabulated only 
for responses which were regular and not less than half of the original 

- amplitude. In such cases a maximum response could again be obtained 

upon cooling. At 5° C. a great i increase in the strength of the shock was 

necessary to produce a maximum response. : 

The experiments were conducted in early May and June when the 
room temperature varied from 15 to 17°. 
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REsvutts 
The photographs reproduced in Fig. 1 show typical changes of 
potential in the cord, at the temperatures indicated, when the sciatic 
nerve or @ dorsal root is stimulated by a supramaximal induction shock. 


Fig. 1. Potential changes in the dorsal roots of Rana esculenta. A at 5°, B at 10°, C at 15°, 
D at 20°. Stimulus, supramaximal induction shock to sciatic nerve (8 cm. approx. 
from cord). Recording electrodes on dorsal root sectioned peripherally. Time marker 
shows 0-1 and 0-02 sec. The fine vertical line marked with an arrow is the escape of 

_ the stimulus. Order of change 3-4 mV. | 


The latency of response, duration of the rising phase and total duration 
are all clearly shortened by a rise in temperature. But when the times 
for these phases of the change—the latency, the time to maximum, and 
the time for the declining phase (measured at two arbitrarily chosen 


i 
| 
Fi 
¥ 
4 
: ‘ 
va 
3 
. 
Sai 
3 
al: 
& 


228 


C. B. FINLEY 


points)—are plotted against temperature (Figs. 2 and 3), it is seen that 
they are not affected similarly by changing the temperature. Over the 


A 
\ 


i 4 i 
5° 10° 15 20 2 


Temperature ° C. 


Fig. 2. Variation of latency with temperature. A. Total latency recorded between 


stimulus escape and rise of dorsal root potential; stimulating electrodes on sciatic 
nerve (approx. 8 cm. from cord). B. Total latency when stimulating electrodes are on a 


dorsal root. C. Latency corrected for centripetal conduction time from data of Gasser 
[1928] and Lucas [1908]. 


temperature range of 5-25°, the latency curve (Fig. 2) declines with a 
steady negative acceleration, showing a marked drop from 5 to 10°, 
and a very slight decline from 20 to 25°, while the other three curves 
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(Fig. 3) fail to show this initial decrease for the 5-10° interval, having, 
however, quite similar slopes throughout the remaining portions of the 
curves with slightly steeper declines at 20-25°. 


5 10 ee 20 25 
Temperature ° C. 


Fig. 3. Curves relating the rate of rise and fall of the dorsal root potential to the tempera- 
ture. A. Time to maximum. B. Time for a fall of 25% from the maximum. C. Time 
for a fall of 90% from the maximum. 


The latency, the time to maximum, time for 25% of this potential 
change to subside and time for 90%, to subside bear the following ratios 
to the corresponding measures at temperatures ten degrees higher at the 
three temperature intervals 5-15°, 10-20°, 15-25°; respectively; latency 
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a 23, 1-5: time to maximum 1-6, 2:0, 1-7; time for 25% decline 1-6, 
21, 1-5; time for 90% decline 1-4, 1-6, 1-1. Thus the latency undergoes 
a greater change than the rise or fall of potential. — 2 


Discussion 


The high temperature coefficients of the latency of the cord potentials 
and the lower temperature coefficients of the rise and fall of the potential 
change suggest that the factors involved are complex. 

The progressive change which occurs with alteration of the tempera- 
ture is in general accord with Barron & Matthews’ [1938] suggestion that 
the dorsal root potential arises from long lasting changes occurring in 


each of the units concerned rather than statistical summation of much __ 


briefer changes. 

The different shapes of the temperature curves—for the latency and 
for the development and decline of the potential—suggest different 
underlying processes. The sigmoid nature of the curves for the rise and 
fall of the potential, as distinct from the latency, suggests two processes 
in combination speeded up at different rates by rising temperatures. 


CoNCLUSIONS 

1. The cord potentials are greatly influenced by change of tempera- 
ture but remain of the same general configuration over the range 
examined. 

2. The curves relating temperature and the latency of the dorsal 
root potentials in the frog differ markedly from the curves relating 
temperature and the rising and declining phases of the potential; it is 
concluded that the processes responsible for the initial delay and 
subsequent development of the potential change may be different in 
‘nature. 

Summary 


The form of the potential change taking place in the dorsal roots 
when a volley of impulses enters the cord of the frog (Rana esculenta) 
remains of the same general configuration at temperatures ranging from 
5 to 25°. The latency of the response, duration of the rising phase and 
total duration are shortened by a rise in temperature. The latency is 
more affected by change of temperature than are the rise and fall of 
potential. The latency temperature curve declines with a steady negative 
acceleration while the curves of the remaining phases are sigmoid in 
nature. Temperature coefficients for four phases of the change are 
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presented, and it is concluded that the processes responsible for the 
initial delay and subsequent development of the potential change may be 
different in nature. | 


I wish to express my warmest thanks to Dr Bryan H. C. Matthews for allowing me to 
use his own apparatus and for his encouragement and assistance. 
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RESPIRATORY ACCELERATOR ACTION 
.OF THE CAROTID SINUS-CARDIAC 
DEPRESSOR MECHANISM 


By RUTH C. PARTRIDGE 
From the School of Hygiene, University of Toronto 


(Received 8 September 1938) 


Hammoupa & Wixson [1935 a, b] have observed that, instead of the 
normal inhibition of breathing which occurs when the lungs are held 
distended or when the central end of the vagus nerve is stimulated 
electrically at cervical level, there is an acceleration if the nerve is cooled 
to 8° C. or lower. These workers have explained the acceleration as an 
effect produced by stimulation of fibres of the pulmonary vagus carrying 
impulses whose function is to augment the excitability of the respiratory 
centre. It is suggested that, as the nerve is cooled, these impulses exert 
their influence, and at a temperature of approximately 8° C. there is a 
selective blocking of fibres whose impulses normally tend to inhibit the 
centre. In order to examine this question, records have been made with — 
a valve amplifier while cooling the nerve from 20 to 0° C. The suggestion 
that fibres from the pulmonary vagus are not responsible for the results 
obtained by Hammouda & Wilson has been advanced by Brookhart, 
Steffensen & Gesell [1936; Steffensen, Brookhart & Gesell, 1937], who 
have observed an acceleration of breathing during prolonged distension 
of the lungs in the vagotomized animal. In this, however, Wilson & 
Hammouda [1938; Hammouda & Wilson, 1939] do not concur. : 


METHODS 
Cats and rabbits were anaesthetized with urethane, and dogs with 
“‘medinal”. A valve amplifier with Matthews oscillograph [Partridge, 
1933] was employed to record impulses in the vagus nerves. Water was 
PH. XCVI. | | 16 
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234 R. C. PARTRIDGE 
cooled to the desired temperature and led through a chamber } in. long, ) | « 

- } in. wide and } in. deep. The sides and bottom of the chamber were of be 
copper but the top was of silver-foil (0-002 in. thick). A V-shaped | 2 | 
depression } in. long and } in. deep was made in the top, forming a 
trough in the silver-foil. The nerve was moistened with physiological a 
saline and placed in this trough. When efferent vagal fibres are 2 
cooled, there is a paralysis of the laryngeal muscles. In order to | = 
minimize the effect, on breathing, of the block produced in the airway, 4 
a tracheal cannula was inserted below the larynx in most of the e 
experiments. 

The factors involved in the production of rapid breathing by electrical < 
stimulation of the vagus were studied by recording changes in respiration. s 
A thyratron stimulator was used and stimulation was always continued | a 
throughout both phases of respiration. In most of the experiments the ee 

_ frequency of stimulation was 15 per sec. and the strength was of the > 


order of 0-5 A. It was possible to assess separately the effects of 
electrical stimulation of afferent fibres from stretch receptors in the 
lungs and from the heart, since these two sets of fibres could be separated 
from the main vagus by the use of a fine needle. Fibres from stretch 
_ receptors in the lungs carried impulses continuously on distension of the 
lungs but not on deflation. Afferent fibres from the heart were identified 
by correlation of their impulses with the heart rate. 
The factors involved in the production of rapid breathing during 
prolonged artificial distension of the lungs were investigated. The 


— 


changes in respiration-rate and in blood pressure were recorded with > 
intact or cut depressor or carotid sinus nerves while the cervical vagus a 
was cooled. 
Impulses in the pulmonary branches of the vagus when the nerve is ES 
At room temperature the pulmonary branches of the vagus carry : E 
impulses which have been identified previously in the cervical vagus i 
Adrian, 1933; Partridge, 1933]. In some of the branches there are * 
found impulses both from receptors stimulated by distension of the x 
lungs (Fig. 1 A) and from receptors stimulated by extreme artificial a 
deflation (Fig. 1 B). In other branches, at room temperature, impulses be 
are observed not only from stretch receptors in the lungs but also in _— 
afferent. cardiac fibres (Fig. 1C). Impulses both frgm the lungs and g 
from the heart are recorded during cooling from 20 to 8°C. When z 
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cooling is continued from 8 to 4° C., impulses from stretch receptors in 
the lungs are found only occasionally, whereas impulses in afferent cardiac 
fibres are — present (Fig. 1 D). 


3 


Fig. 1. Cat. Afferent impulses in a few fibres of a pulmonary branch of the vagus central to 


: : a spot at which there is a gradual blocking of the nerve by cold. In A, B, and C the 
4s nerve is at 20° C. In D the temperature of the cold spot is 6° C. Continuous impulses 


_ in A and C are from stretch receptors stimulated by the distended lungs. Those in B 
are produced during extreme artificial deflation of the lungs. The impulses occurring in 
groups of four in C and D are recorded at each heart beat. All records read from left 


to right. 


Electrical stimulation 
— When the central end of the divided cervical vagus was stimulated 
__._ peripheral to a spot cooled to between 8 and 4°C., breathing was 
accelerated in the vagotomized dog (Fig. 2 A). When the nerve was 
‘4 _— stimulated again after all the afferent cardiac fibres had been separated 
from it, acceleration was not evident (Fig. 2B). But on stimulation of 
oe the afferent cardiac fibres, acceleration was observed again (Fig. 2 C). 
iy In another type of experiment both vagi were cut. The central end 
__ of one vagus was then placed in a cooling trough and the peripheral part 
of the same nerve was put into a second trough. The temperature was 
lowered from 20 to 0° C. Stimulation was applied to'the central part of 
the nerve, peripheral to the one cold spot, and the amplifier was con- 


nected to the peripheral part, central to the other cold spot. While 
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cooling the central end from 20 to 8° C., breathing was inhibited by the 


electrical stimulation. With these temperatures in the peripheral part, 
impulses were recorded from stretch receptors in the lungs and also in 


Fig. 2. Dog. Upper record, carotid blood pressure. Lower record, respiratory movements 
of thorax. Arrows, beginning and end of electrical stimulation. Time, 3sec. The effect on 
respiration of electrical stimulation of the central end of various fibres in the cervical 
vagus; excitation peripheral to a spot cooled to 6°C. A, cervical vagus. B, cervical 
vagus from which afferent cardiac fibres have been separated. C, afferent cardiac fibres. 


cardiac fibres, as Fig. 1 C. When the cold spots were at 6° C., breathing 
was accelerated on electrical stimulation of the central end. At this 
temperature cardiac impulses alone were recorded in the peripheral part, 
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as Fig. 1 D. When the temperature of the spots was reduced below 4° C., 
the respiration rate was not changed on stimulation. Records of nerve 


impulses were then not obtained in the peripheral end. 


stimulated, peripheral to a spot cooled to 6° C., with an electrical excitation in an 
effort to produce an acceleratory effect on respiration. Superior and recurrent laryngeal 
branches were stimulated also. Excitation of the cervical vagus and of branches A and 
B leads to an acceleration of breathing, and afferent cardiac fibres are identified by 
amplifier in these same branches. 


Various branches of the vagus were also dissected Fig. 3). The central 
end of each branch was stimulated, peripheral to a spot cooled to 6° C., 
and the peripheral end was connected to the amplifier. When accelera- 


_ tion of breathing was evident on central stimulation of any vagal branch, 


afferent cardiac fibres were always identified in that same branch. 


Prolonged distension of the lungs 
During prolonged distension of the lungs an acceleration of breathing 
is apparent when the nerve is cooled to 8° C. or lower. Acceleration of 
breathing with clamped trachea also occurs when the vagi are cut 
(Fig. 4A, C). The rapid breathing which is an immediate response to 


_ distension of the lungs, either with vagi cut or cooled below 8° C., is less 
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marked when there is an inhalation of oxygen previous to the distension 
(Fig. 4 D). It is definitely eliminated by careful section of afferent cardiac 


fibres and thorough denervation of carotid sinus areas (Fig. 4 B). 
Complete elimination of the acceleration is less likely if the effects of the 
carotid sinus-cardiac depressor mechanism are reduced by clamping the 
carotid artery. 


120 | B 


| 
Fig. 4. Upper record, blood pressure changes. Lower record, respiratory movements. 
Arrows, distension of lungs. Time, 3 sec. The effect on the respiratory acceleration 
with prolonged distension of the lungs, vagi cut, of removing the carotid sinus-cardiac 
depressor activity through cutting those nerves or of reducing the effects by giving 
oxygen. A and B, prolonged distension (A) before and (B) after cutting carotid sinus- 
cardiac depressor nerves. C, similar to A, vagi cut, carotid sinus-cardiac depressor 


nerves intact, without a previous inhalation of oxygen. D, oxygen given previously. — 


DISCUSSION 
The findings are, in the main, similar to those of Hammouda & Wilson, 
but our work suggests a different explanation of the results. It is not 
necessary to assume the presence of a new augmentor fibre in the vagus 
since all the findings can be attributed to an excitation of afferent 
cardiac or carotid sinus fibres. Stimulation centrally of afferent cardiac 
fibres under the conditions prevailing in these experiments accelerates 
breathing. Electrical stimulation of the central end of the cervical vagus, 
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peripheral to a spot cooled to 8° C. or lower, produces the same effects as 
excitation of cardiac fibres since afferent cardiac impulses are the only 
ones to pass the block. The effects found by Hammouda and Wilson can 
only be obtained on stimulating those pulmonary branches in which 
cardiac fibres can be identified. The increase in respiration rate during 
prolonged distension of the lungs and partial vagal block is a compli- 
cated matter since the blood pressure is decreased with each respiration 
and asphyxia is present. However, the carotid sinus-cardiac depressor 
mechanism is responsible for the acceleration observed prior to the 


asphyxial rise in blood pressure. This part of the respiratory response — 


not attributable to asphyxia can be eliminated by section of me carotid 
sinus and cardiac depressor nerves. 


SUMMARY 


These experiments indicate that the acceleration of breathing pro- 
duced by an electrical excitation of the vagus as described by Hammouda 
and Wilson may be attributed to stimulation of afferent cardiac fibres. 
When the lungs are distended the observed acceleration is shown to be 
chiefly the result of the eee of the carotid sinus-cardiac depressor 
mechanism. 


I should like to express my thanks to Prof. C. H. Best for his interest in this research 
and for financial aid from the Best Medical Research Fund. I am indebted to Dr D. Y. 
Solandt for his valuable criticism and to Dr C. G. Smith for his help in part of the work. 
The excellent technical assistance of Mr J. Brown and Mr L. Skelding is appreciated. 
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FURTHER OBSERVATIONS UPON THE RELEASE 
OF HISTAMINE BY SKELETAL MUSCLES 


By G. V. ANREP, G. §. BARSOUM, M. TALAAT 
anp E. WIENINGER (Vienna) 


_ From the- Physiological Laboratory, University of Cairo, Egypt 
(Received 12 December 1938) 


Anrep & Barsoum [1935] have found that a measurable amount of a 
histamine-like substance appears in the venous blood of the skeletal — 
muscle during its contraction. When calculated per minute of maximal 
tetanus and per gram of muscle, the average excess of histamine in the 
venous blood was of the order of 0-45 wg. expressed as histamine acid 
phosphate. The experiments described in the present communication 
were made in order to determine whether the histamine appears in the 
blood in a physiologically active state, whether it is newly formed during 
contraction or released from the pre-existing store of histamine in the 
muscle and: whether it appears in the venous blood also during direct 
stimulation of a muscle after degeneration of its nerve. In addition, we 
have made experiments with drugs evoking convulsions such as strychnine 
and picrotoxin in order to determine whether they produce on the 
histamine equivalent of blood an effect similar to that obtained by 
electrical stimulation of a muscle. 


METHODS 


The experiments were made on dogs. The determinations’ of the 
histamine equivalent of blood were made by the method of Barsoum & 
Gaddum [1935], the stage of ether extraction being omitted and with its 
modification suggested by Code [1937]. The histamine equivalent is 
expressed in terms of histamine acid phosphate. For the determination of 
the-histamine equivalent of the gastrocnemius 1-2 g. of the muscle were — 
extracted in a mortar with 15 c.c. of 10% trichloroacetic acid, filtered, 
washed with two lots of 5.c. of trichloroacetic acid and then treated like 
the blood extracts by the method of Barsoum & Gaddum. Since the 


x 
44 
a 
ef q 
a 
ig 
2 
> 
wa 
A 
a 
r 


RELEASE OF HISTAMINE BY SKELETAL MUSCLES 241 
histamine content of muscles is considerably higher than that of blood, 


__ the dried acid hydrolysate was dissolved in water without previous _ 
Ee . extraction with absolute alcohol; 1 c.c. of water was used for each | g. of 


tissue, neutralized and diluted 10-50 times with Tyrode solution. Control 
experiments showed that 95-100%, of the tissue histamine is extracted 
by this method. In those experiments in which the histamine content of 
the venous and arterial blood of the gastrocnemius muscle was compared 
the technique for the isolation of the circulation and for the collection of 


‘the blood samples was the same as in the experiments of Anrep & 
 ‘Saalfeld [1935] and of Anrep & Barsoum [1935]. When necessary 


chlorazol-fast pink or heparin was used as anticoagulant. In eight dogs 
a stretch of the sciatic nerve about 3 cm. in length was removed by 
aseptic operation 9-47 days prior to the experiment, and the gastroc- 
nemius muscle was stimulated directly with specially constructed comb- 
like electrodes which were inserted one at each end of the muscle. 
Rhythmical stimulation with a maximal faradic current was used. Before 
proceeding with the experiment the peripheral part of the cut sciatic 
nerve was stimulated to ascertain that indirect stimulation was in- 
effective. Nine experiments were made with strychnine and four with 
picrotoxin. The drugs were injected intravenously in doses which evoked 
strong reflex contractions (2-5 mg. strychnine nitrate, 4-12 mg. picro- 
toxin) and the blood samples were collected from the carotid artery. 


EXPERIMENTAL 


Experiments on the gastrocnemius muscle 
Histamine in plasma. In order to determine whether the excess 
histamine appearing in the venous blood of the contracting muscle is 
physiologically active we repeated the recent experiments of Alam, Anrep, 


Barsoum, Talaat & Wieninger [1939] made with curare. The blood was. 


collected, rapidly centrifuged, and the clear plasma, without subjecting 
it to-any chemical manipulations, was assayed on the guinea-pig’s 
ileum. In many experiments in which the plasma contained appreciable 
amounts of relaxing material the result of such assays was indefinite. 
That was also true for many of those experiments in which the increase 
of the histamine equivalent of the whole blood was not large. In some 
experiments, however, the result was distinctly positive. For example, 
in one experiment in which the blood supply to the muscle was con- 
trolled in order to prevent the development of a large hyperaemia during 
the rhythmic contractions the histamine equivalent per c.c. plasma rose 


+ 
4 
y 
x 
44 
* 
4 
Ae 
; x 
4. 
8 
é C 
4 
x 
> 
eg 
i 
d 
& 
“EN ental 


249 G. V. ANREP AND OTHERS 


from 0-025 yg. in the absence of stimulation to 0-09 yg. during muscular 
~ ¢ontraction. In this experiment corresponding samples of the plasma 
were extracted according to Barsoum & Gaddum and the histamine 
equivalent was 0-045 and 0-13 yg. respectively. In another experiment 
the resting plasma caused a relaxation of the ileum, while the plasma 


collected from the active muscle caused a contraction equivalent to — 


0-07 pg. of histamine per c.c. The results of these experiments suggest 
that the histamine derived from the contracting muscle, similarly to that 
released by curare, is circulating in the blood, at least in part, in a free 
and active form. Since the red blood corpuscles have been shown to take 
up and inactivate the excess histamine of the plasma only that part of 
the histamine which remains in the plasma can be physiologically active. 

Histamine content of muscle. It has been shown [Alam et al. 1939] that 
the large amount of histamine appearing in the venous blood after 
injection of curare is released from pre-existing stores of histamine in 
skeletal muscles. The histamine appearing in the blood during muscular 
contraction is also released and not newly formed by the muscles as shown 
by the decrease in the histamine content of the muscles. The effect is not 
always conspicuous. In two experiments no diminution in the histamine 
content of the active muscle could be detected, in two there was a small 
increase, but in five there was a definite decrease (Table I). In the table 


TaBLE I. Histamine content of dog’s gastrocnemius muscle before and after rhythmic 
indirect stimulation by faradic current; a metronome beating at 40 per min. was 


inserted in the primary circuit 
Duration of Histamine content in yg./g. 
stimulation A 
No. in min. Resting muscle Stimulated muscle 
1 5 12-0, 10-9, 11-5 9-6, 9-2, 10-0 
2 10 10-9, 7-8, “8-9 3 
3 10 11-1, 11-4 7:8, 8-2 
4 — 80 16-6, 16-2, 17-0 9-5, 10-2, 9-8 
5 30 8-0, 7-5 6-1, 6-9 


each figure corresponds to a separate sample of muscle. Even in these 
experiments the difference between the resting and active muscle is not 
so conspicuous as in the case of curare, but the amount of histamine 
appearing in the venous blood during muscular contraction is also small 
as compared with that released under the influence of curare. From the 
experiments of Schulte [1930] it appears that with more prolonged and 
perhaps more frequent stimulation the diminution may also become more 
pronounced and the muscle nearly depleted of its pre-existing histamine 
store. Schulte assayed alcoholic extracts of the cat’s gastrocnemius on 
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the guinea-pig’s jejunum against histamine, and found, as a result of a 
period of stimulation of 30-50 min., a loss of activity varying between 
55 and 91%. 
After nerve degeneration. The first four dogs were used 9, 12, 14 and 
15 days following the section of the sciatic nerve. In these experiments 
there was a small excess of histamine in the venous blood of the gastroc- 
nemius above that of the arterial blood even in the absence of stimulation 
of the muscle. It is likely that this constant release of histamine by the 
muscle after nerve degeneration results from the considerable fibrillary 
twitchings observed during the first 2 weeks following section of the 
nerve. The difference between the arterial and venous histamine lies on 
the borderline of the limits of accuracy of the method. Nevertheless, we 
believe the observations to be correct, since in the normal muscle, pro- 
vided the blood supply is adequate, no such difference could be found. 
The output of histamine by the gastrocnemius in these four dogs was 
0-13, 0-10, 0-08 and 0-07 yg./min. The other four dogs were used 26, 41, 
44 and 47 days after the operation. In these no resting output of 
histamine was observed. The fibrillary twitching was also absent. _ 
Direct rhythmic faradic stimulation of the muscle led in all experiments 
to an increase in the histamine equivalent of the venous blood. It was 
usually of the order of 0-2—-0-28 yg. per min. and per g. muscle. These 
figures are somewhat lower than those observed on the normally inner- 
vated muscle with indirect stimulation. It is possible that the muscle 
did not contract with its maximal strength due to its being stimulated 
by faradic current, which is not the most appropriate stimulus after 
nerve degeneration. In a few experiments, however, the release of 
histamine was of a higher order. Such an experiment is illustrated in 
Table II. It will be seen that the histamine equivalent of the arterial 
blood taken before and at different times after the stimulation remained 


TasBxz II. Histamine output from dog’s gastrocnemius weighing 34 g. 12 days after 


section of sciatic nerve 


Time Blood flow Histamine production 


No. and sample min. c.c./min. pg./c.c. pg./c.c.. pg./min. 
1. Venous 0 5-0 0-080 0-018 0-090 
2. Arterial 2 — 0-062 
Direct stimulation of muscle for 10 sec. ' 

3. Venous 6 11-5 0-147 0-085 0-978 
4. Venous 8 6-0 0-100 0-034 0-204 
5. Venous 10 6-0 0-094 0-028 0-168 

6. Arterial 12 — 0-066 pate 
7. Venous 21 5-5 0-070 0-010 0-055 
8. Arterial 23 0-060 
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constant. There is a slight increase in the histamine equivalent of the 
venous blood before stimulation which we have attributed to the 
fibrillary twitchings. The stimulation was started 5 sec. after the begin- 
ning’ of the collection of the venous sample 3 and continued for 10 sec. 
The total excess production of histamine during the following 6 min. was 
2:16 wg. When calculated per minute of contraction the production of 
histamine is 12-96 yg., which works out at 0-34 yg. per g. of muscle per 

‘minute of contraction. Considering that the liberation of histamine 
continued for some time after the collection of sample 5 the figure has to 
be somewhat increased. 


Action of drugs evoking convulsions — 


Strychnine. The histamine equivalent of the arterial blood inemaied 
soon after the onset of the convulsions. For example, in one experiment 
the histamine equivalent of the arterial blood was 0-01 pg./c.c.; 2 min. 
after the injection of 2 mg. of strychnine it increased to 0-12 wg. In 
successive samples which were collected at intervals of 5 min. it was 
0-08, 0-05, 0-04 pg. and 20 min. later 0-03 yg./c.c. No spontaneous 
convulsions were noted; they were evoked by touching the animal. 
The blood pressure, measured in between the periods of convulsions, 
diminished from 125 mm. Hg to 70 mm. and then gradually rose 
towards the end of the experiment to 110 mm. Hg. In another experi- 
ment the blood pressure was 160 mm. Hg and the histamine equivalent 
of the arterial blood was at the limit of the accuracy of the method below 
0-005 yg./c.c. On injection of 2 mg. of strychnine nitrate the histamine 
equivalent rose to 0-052 yg., and between the reflexly evoked con- 
vulsions the blood pressure decreased to 85 mm. The animal was then 
allowed to lie quietly for 6 min., during which time no convulsions 
occurred. At the end of this period the blood pressure was 120 mm., — 
and the histamine equivalent of the arterial blood had returned to an 
undeterminable value below 0-005 yg./c.c. Convulsions were again 
evoked by tapping on the table or touching the animal. The histamine 
equivalent of the arterial blood increased to 0-028 and then to 0-06 yg./c.c., 
and the blood pressure dropped between the convulsions to 60 mm. Hg. 
It follows from this experiment that it is not the presence of strychnine 
in the circulating blood but the convulsions evoked by it which bring 
about the increase in the histamine content of the arterial blood. 

Feldberg & Kellaway [1937] have shown that histamine is filended by: 
‘snake venom from the lungs. Comparison of the histamine content of 
‘the mixed venous blood with that of the arterial blood si to show = 
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a similar liberation of histamine by the lungs occurs during strychnine 
poisoning. For example, in one experiment after the injection of 5 mg. 
of strychnine the arterial histamine increased from 0-01 to 0-045 yg./c.c. 
A simultaneously collected blood sample from the right ventricle also 
contained 0-045 yg./c.c. The chief source of the histamine is the skeletal 
muscle. This is shown by comparative estimations of the arterial and 
venous blood of the muscle. The venous blood collected from the 
muscle during the period of convulsions became considerably richer in 
histamine than the arterial blood. For instance, in one experiment the 
arterial and venous blood of the muscle contained 0-018 yg./c.c.; after 
the intravenous injection of 5 mg. of strychnine the histamine equivalents 
of three successive samples of venous blood were 0-07, 0-085, 0-11 yg./c.c., 
while the arterial histamine increased to 0-035 and then to 0-045 yg./c.c. 
In another experiment the venous blood was collected separately from 
both femoral veins, the sciatic and femoral nerves being cut on one side 
so as to prevent the muscles of this side from participating in the general 
convulsions. Before the injection of strychnine the histamine equivalent 
of the venous blood of the normal and the denervated leg as well as that 
of the arterial blood was the same, 0-01 ug. After injection of 5 mg. of 
strychnine the venous histamine of the normal leg increased to 0-085 yg. 
and that of the operated side to 0-032 yg.; the arterial histamine rose to 
0-026 yg./c.c. The operated limb showed some contractions in the upper 
part of the thigh. Other blood samples collected from the two femoral 
veins differed in the same direction, the venous blood of the normal active 
side containing considerably more histamine than that of the riciosconie 
side. 

Picrotozin. The convulsions evoked by picrotoxin are 
different from those which follow an injection of strychnine. In the latter 
they occur in groups separated by more or less prolonged periods of 
relaxation. After picrotoxin the whole musculature of the animal enters 
a state of sustained vigorous contracture with only partial remissions. 
There was always a definite increase in the histamine equivalent of the 
arterial blood collected during the convulsions. In one experiment after 
injection of 4 mg. of picrotoxin into a dog weighing 6 kg. it increased 
from 0-01 to 0-04 yg./c.c., in another experiment after injection of 12 mg. 
into a dog Weihicng TS ke. from 0-02 to 0-12 yg./c.c. 

‘The blood pressure during strychnine poisoning rises above ‘sei 
during muscular spasms and falls below normal during periods of 
relaxation. After picrotoxin it remains high during the whole time of 
the experiment. On administration of excess of chloroform or ether the 
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muscular contractions disappear andthe blood pressure falls. The 
fact that the blood pressure remains very high in spite of the increase 
of the histamine equivalent of the arterial blood may probably be due — 
to the conspicuous diminution in the sensitivity to histamine which 
develops after injection of picrotoxin. In the experiment of Fig. 1 the 
arterial blood pressure was sensitive to injections of as little as 2 yg. of 
histamine (in a). After picrotoxin, injections of 300-600 yg. did not 
produce any appreciable change in the arterial blood pressure. In c, at 


Fig. 1. Arterial blood pressure from a 12 kg. dog under chloralose. At the arrows injec- 
tions of histamine acid phosphate; a=2 ug., b=10 pg., c=0-6 mg., d=1-5 mg. and 
e=300 pg. Between 6 and c intravenous injection of 12 mg. picrotoxin; between 
d and e administration of chloroform. 


the arrow, 0-6 mg. of histamine was injected. An injection of 1-5 mg. 
(in d) produced a drop of pressure of only 20-30 mm. Hg. Even after 
administration of a small excess of chloroform to diminish the con- 
vulsions an injection of 300 yg. (in e) produced no greater effect than 
that caused by 10 yg. (in 6) before administration of picrotoxin. | 


CoNCLUSIONS 


1. The previous observations that histamine appears in the venous 
blood of skeletal muscles during their contraction are confirmed. 

_ 2, The histamine appears in the venous blood in an active form, 
_ since its effect can be demonstrated with plasma without subjecting it to 
any chemical manipulations. _ 

3. The histamine is released from the muscle and not newly formed. 
This is shown by the fact that the pre-existing store of histamine in the 
muscle diminishes during prolonged contraction. 

4. Contractions of muscles evoked after complete degeneration of 
their nerves led to a release of histamine comparable in amount to that 
released by normally innervated muscles. During the early stage of 
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degeneration there is a small continuous output of histamine which can 
probably be accounted for by the fibrillary twitches of the muscle. 

5. Drugs causing convulsions of the skeletal musculature such as 
strychnine and picrotoxin increase the histamine equivalent of the 
arterial blood. The increase is at least in part accounted for by the 
histamine released by the contracting muscles. The intravenous injec- 
tion of picrotoxin conspicuously diminishes the sensitivity of the animal | 
to histamine. 
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USE OF THE DIETARY ANOESTROUS ADULT RAT 
FOR THE ASSAY OF THE OESTRUS-INDUCING 
‘GONADOTROPHIC SUBSTANCE 


By R. D. H. HEARD anp 8. 8. WINTON 


From Connaught Laboratories and the Department of Biochemistry, 
of Toronto, Toronto, Ontario 


(Received 19 December 1938) 


Many methods have now been described [see Burn, 1937] for the 
estimation of gonadotrophic potency which may be classified as follows 
according to the criterion of activity accepted: | 

(a) Oestrin secretion by the infantile ovary (opening of the vagina, 
vaginal cornification and growth of the uterus), or secretion of androgenic 
substance by the immature testis (growth of accessory organs and 
glands). 

(b) Formation of corpora lutea. 


(c) Enlargement of the ovary (due to growth of follicles and/or 


formation of blood follicles or atretic or true corpora lutea and/or 


proliferation of interstitial tissue). 

(d) Ovulation. 

The induction of ovulation in the unmated sais rabbit has been 
satisfactorily standardized by Hill, Parkes and White [1934]. The most 
commonly used test object for the remaining tests based on reactions 
(a) to (c) is the intact infantile rat or mouse. In these cases the degree of 
accuracy achieved is restricted by the extent of the variation in suscep- 
tibility of the individual animals and variation in sensitivity with age. 
Puberty is normally reached at such a variable age that widely divergent 
states of ovarian development occur [Davy, 1934] when the test is carried 
out (usually during the fourth week of life). Wide fluctuation in the 
amount of a hormone required to elicit the same response in different 
animals would thus be expected. Chapman [1935] has constructed 
dosage-response curves (vaginal cornification reaction in the rat) at 
different age levels over a range of 10-60 days of age which show a 
remarkable increase in sensitivity up to puberty. To provide reasonable 
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accuracy both variables must be taken into account by considering the 
mean response at each dose level of a liberal number of animals of the 
same age. Except in laboratories where a large and costly breeding 
colony is maintained, the available number of young animals born on the 
same day does not permit a comprehensive quantitative examination of 
the variable factors influencing a reaction and the application of the 
recognized principles of biological standardization. These limitations of 
the infantile animal methods prompted an examination of the suitability 
of the dietary anoestrous adult rat as a test object for the estimation of 


‘ oestrus-inducing gonadotrophic activity and an investigation of the 


variable factors influencing the test. 

The early cessation of the usual cyclic changes in the accessory organs 
of rats maintained on a vitamin B-deficiency diet was first observed by — 
Evans & Bishop [1922]. Marrian & Parkes [1929a] correlated this 
anoestrous condition with histological changes in the ovary and showed 
that administration of pituitary extract during the period of experi- 
mental anoestrus gives rise to the formation of new corpora lutea vera, — 
the immediate onset of oestrous symptoms in the uterus and vagina and 
to ovulation. Aberration of the normal vaginal cycle was attributed 
to degeneration of large follicles and the occurrence of atresia in all 
medium-sized follicles, and stimulation of the atretic ovary to the fact 
that many small follicles and the primary oocytes remain materially un- 
affected by the deficiency and are capable of growth and ovulation in 
response to the appropriate stimulus. An inexpensive and convenient 
test object was thus made available provided one of the above reactions 


_ could be placed upon a satisfactory quantitative basis. The induction of 


vaginal oestrus was chosen for examination because this reaction has a 
definite end-point which can be observed conveniently without killing 
the animal or using operative technique. The test is thus a measure of 
the power of an extract to cause secretion of oestrin (reaction (a)). There 
is now ample evidence that the various gonad stimulating effects are 
caused by an uncertain number of factors; use of the term “oestrus- 
inducing gonadotrophic substance” is therefore made without prejudice 
as to the identity or non-identity of this hormone with those which 
elicit other reactions ((b) to (d)) of quite a different physiological 
significance. 

The well-established group method of testing has been followed — 
throughout. The results of some 1500 individual tests on more than 
500 rats prove the suitability of the test object and cere that sur- 
prising accuracy can be attained. 

PH. XOVI. 17 
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I. VARIABLE FACTORS 


The chief variables which might influence the test are: 

(a) Age, size and degree of homozygosity of the test object. 

(b) The degree of avitaminosis prevailing during the test. 

(c) The number and volume of the injections in which the total dose 
is given. 

> The number of observations of vaginal contents made per 
day. 

(e). The nature of the previous treatment. 

(f) The extent of the variation in the susceptibility of the individual 
animals and of group variation in sensitivity. 

Variation in the susceptibility of the individual siinale 3 is compen- 
sated by the consideration of the mean response of a group at each dose 
level. The technique of administration and the frequency of the recording 
of the vaginal smear were arbitrarily chosen after a few preliminary 
experiments were made. The influence of each of the remaining factors 
was examined throughout the investigation. 


II. MaTEeRIAL AND TECHNIQUE 


Pregnancy urine extract. The same preparation was used in all 

experiments except those mentioned in § XV. The active material was 
separated from urine (6th-9th month of pregnancy) by the benzoic acid 
adsorption method of Katzman & Doisy [1932] and purified by pre- 
cipitating the aqueous pyridine (50%) soluble fraction with acetone. 
The latter procedure was repeated on the product to give the 
standard preparation which was stored in the desiccator as the dry 
powder, 
On the day of the test a stock solution (approximately 20 mg. per 
100 c.c.) was prepared from which the required dilutions were made with | 
0-9% saline immediately before administration. This technique is 
emphasized because of the exceedingly small amount necessgry to induce 
oestrus in the adult rat: Actually the required concentrations of this not 
highly purified preparation ranged from 2 to 7 mg./l. At these dilutions 
we have observed a measurable decrease in activity after standing 
1-2 hr. at room temperature. 

Animals; Several groups of rats from three strains, A, B and C, were 
used. Only one group from each of the first two strains was available; A 
and B therefore refer to both group and strain. The remaining groups 
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from the third strain (C) are designated as CA, CB, etc. Group A was a 
mixed batch obtained from a dealer. Strains B and C were homozygous; 
B was supplied by a dealer from an inbred colony and C was drawn from 
Connaught Laboratories’ stock which has been line bred for 8 years. 
Except in the experiment investigating the effect of body weight (§ VIII), 
each group was selected with average weight 150 +15 g., with individual 
deviations from the mean not wider than +25 g. | 

Outline of method. A group of 60-120 animals was placed on the 
vitamin B-deficiency diet used by Marrian & Parkes [1929] which 
consisted of starch 73%, casein 20%, cod-liver oil 2%, and salt mixture 
(McCollum) 5%. The growth curve and vaginal cycle of each individual 
were followed throughout the experimental period. Body weight was 
recorded twice weekly and the vaginal smear once daily. After the normal 


cycle was abolished in every member of the group, a period of 10 days 


was allowed to elapse before injections were made. For the test each 
growp was divided into lots of approximately twenty animals (in some 
preliminary experiments ten or fewer), each lot receiving a different 
dosage of the standard preparation. The total dose was given sub- 
cutaneously in one injection except when the effect of dividing the dose 
was investigated (§ IV). In all cases the volume administered was 


maintained constant at 0-5c.c. Six days later a complete diet was — 


restored until the original weight was regained (7-10 days) when the 
whole procedure was repeated for the second test and so on. The dif- 
ferent tests on each group are designated by the number following the 
group letter; thus CA 3 refers to the third test on group CA. The history 


of a typical rat from group A throughout three tests is illustrated in — 


Fig. 1. 


For purposes of routine testing the method may be modified slightly | 


as indicated in the following section. 

Recording of the vaginal smear and criteria of oestrus. Specimens of the 
vaginal contents were collected with a metal spatula and transferred to a 
microscope slide. The smears of each animal were recorded on the same 
slide for 7-10 days and then stained with 1% aqueous methylene blue for 
examination. | 

The criteria of vaginal oestrus laid down by Marrian & Parkes [1929 5} 
and Cohen, Marrian & Odell [1936] have been strictly adhered to. A 
smear from which leucocytes were absent and which consisted (a) entirely 
of cornified cells or (b) a mixture of nucleated and cornified cells was 
deemed positive. The occasional smears which would have been judged 
positive but for the inclusion of an isolated clump of a small number of 
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leucocytes were evaluated as “one half positives”. A pure nucleated pro- 
oestrus smear and one predominantly cornified but containing a few 
leucocytes evenly distributed were thus considered negative. 


| | \ | 


Fig. 1. The history of one animal (strain A) throughout three successive tests. With- 
drawal and replacement of vitamin B in the diet are indicated by the arrows above the 
weight curve, and the times of injection of the recorded amounts of the standard urine 
of pregnancy extract by the arrows below the curve. Periods of vaginal cornification 
are shown by the shaded areas. : 


II]. OF ONSET AND DURATION OF ANOESTRUS 

The suitability of the test object is determined by the time of onset 
and duration of the period of experimental anoestrus. The latter must 
be long enough to provide reasonable assurance that no spontaneous cycle 
will take place during the test period and to accommodate the test 
without manifestation of other than mild symptoms of avitaminosis. 
In the earlier experiments a control group was included to satisfy the 
above requirements but as information accumulated this was found 
unnecessary. In view of the large number of individual tests made with 
the standard and other preparations during the past four years, the 
available data in this connexion can only be summarized here. The 
results show that injections can safely be made when 10 days’ anoestrus 
_ has been shown by every member of the group. 

As regards the individual animal, the observations of Marrian & 
Parkes [1929 a] have been amply confirmed and extended. Anoestrus 
usually sets in when loss of weight begins (see Fig. 1) and persists until 
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death or until approximately the original weight is regained on restoring 

a complete diet (i.e. within 4-10 days). Cessation of the normal cycle 

occurs abruptly without prolongation in length of the last cycles (see 

— Tastz I. The histories of fifteen rats of group A (first test) . 

No. and length of cycles on Days of anoestrus 
injection 


Rat no the deficiency diot | (days) 
1 3-4-4-4 15 
2 4-64 15 
3 444-4 ll 
4 17 
5 21 
6 4-44-45 10 
7 5-3-4 14 
8 31 
9 
10 5-6 16 
11 5 21 
12 «3-8-4 8 
13 4-5-5 12 
14 4-3-4-4+ 13 
15 3-4-+4-4-4-5 6 
— 


0-5 5-10 10-15 1520 20-25 
No. of days | 
Fig. 2. Time on the vitamin B-defcincy dist before onset of sncostru in mixed batch 
of 256 rats. 


. Within the group there is considerable individual variation in the time 
of onset of anoestrus (Table I and Fig. 2). The fifteen examples given in 
Table I were not picked at random but were selected from 500 similar 
records to illustrate the extent of the variation which would be expected 
in a group of approximately 100 animals. An examination of all the 
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individual histories shows that the frequency of occurrence of a spon- 
taneous cycle 10 days after continuous dioestrus was 3-2%; in no case 
was a spontaneous cycle observed after 15 days. The information 
embodied in Fig. 2 was obtained at different times from several groups 
and strains; consequently the variation indicated approaches a maximum. 
It is evident from the figure that the majority of the individuals had been 
off cycle for a period longer than 10 days at the time of injection, i.e. 
when every member had shown at least 10 days anoestrus. Actually the 
average length of the period of anoestrus before injection of this mixed 
batch of 256 animals was 14-6 days. The likelihood of a spontaneous 
cycle occurring during the test period is thus rendered negligible. 

Likewise the number of normal cycles occurring before onset of 
anoestrus varies greatly (see Table I). In the case of the mixed batch of 
256 animals referred to above, the number of animals showing respectively 
0, 1, 2, 3, 4, 5 and 6 cycles were 3, 32, 39, 59, 61, 48 and 14. 

In routine assay work it is obviously unnecessary to record vaginal 
smears daily throughout the whole period on the deficiency diet. For 
each test smearing need not be begun until 15 days have elapsed and may 
be discontinued 6 days after injection. Occasionally it is advisable to 
discard one or two animals which remain on cycle for a long period of 
time (i.e. rat 15, Table I) and which, if included, would unduly delay 
injection of the group as a whole; such individuals are usually the 
heaviest in weight. No difficulty is encountered in obtaining reasonably 
uniform onset of anoestrus in all animals of a group within 3 weeks pro- 
vided they are selected with body weights within +25 g. of the mean 
(§ Il). Thus the complete procedure for each test can be accommodated 
in about 31 days; on the first occasion groups A, B, CA, CB and CC were 
used, injections were made 31, 28, 29, 30 and 28 days respectively after 
withdrawal of vitamin B. 


IV. E¥rrect OF DURATION OF INJECTION AND TIME OF EXAMINATION 


The method of administration and frequency with which vaginal 
smears are recorded are factors of considerable importance in the ~ 
biological assay of oestrin on the castrated mature animal and of the 
oestrus-inducing substance on the intact infantile animal. Cornification 
persists for only a few hours even when the rate of absorption is delayed 
either by use of oily solvents or by spreading the dose. The interval 
between and number of observations of the vaginal contents necessary 
per day to include all positive reactions are therefore quite critical [see 
Marrian & Parkes, 1929 | 
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To fix on some arbitrary technique of administration, the effect of 
subdivision of a constant total dose on the duration of the period of 
induced oestrus was ascertained in a preliminary experiment (group A, 
test I) using lots of five animals only at each dose level (Table II). The 
divided dose was given twice daily (9 a.m. and 5 p.m.) for three days; a 
fresh stock solution was made each day. Cornification was found on the 
third and/or fourth day after the first or single injection and persisted for 
24-48 hr. whether the same total amount was given in one or six portions. 
Although the response was somewhat greater when administration was 
prolonged, the meagre data do not permit quantitative comparison of 
the relative potency by the two methods. Since the technique of 
a single injection is more convenient and almost as effective, its use 
was adopted. 


Tantz Il, Effect of duration of injection of « constant totel dose 


Percen response 
pg. One injection Six injections 
125 100 
5-0 80 60 
(25 0 40 
1-0 — 0 


The fact that cornification lasts 24 or more hours renders it un- 
necessary to smear more than once daily. Our records show that the 
events following a single injection closely simulate the normal cycle. 
Usually a pro-oestrus smear on the third day is followed by a completely 
cornified picture on the fourth and one typical of metoestrus on the fifth. 

With doses eliciting a high response (>75%%) cornification may persist 
- several days. Even with low doses there is no reason to suppose that any 
positive reactions are missed. This was tested on several occasions by 
smearing a large group of animals twice daily throughout the critical 
period; the same evaluation was reached whether both or only alternate 
observations were taken into account. 


V. THE RELATIONSHIP —— DOSE AND RESPONSE: DEFINITION 
OF 0.D. 50 


The results of several successive tests at intervals of 5-8 weeks on 
groups A, B, and three groups of strain C are set out in Tables III, [V and 
V respectively. The number of animals in each group from test to test 
does not always correspond owing to (a) the setting aside of some 
animals as controls at times, (b) the occasional assay of preparations 
other than the standard, and (c) deaths. With strains B and C lots of 
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approximately twenty animals were used at each dose level; with A, on 
which preliminary tests were carried out, only ten or so were employed. 
The information provided by strain C (Table V) is most significant; where 
possible, these data have been selected for the examination (in later 
sections) of the influence of variable factors. | 


Taste III. Induction of vaginal oestrus in animals of group A 


Group and injoton gi No. of No. of 
ven 0. 0 ¢ 
test 935 animals positives response 
11 Mar. 5-0 5 4 80-0 
2-5 5 0 0-0 
A2 15 Apr. 6-0 9 8 88-9 
; 5-0 10 24 25-0 
4-0 ll 2 18-2 
7 3-0 10 1 10-0 
A3 31 8-0 7 7 100-0 
ae: 6-0 10 9 90-0 
5-0 9 7 17-8 
4-0 4 2 50-0 
A4 20 July 9-0 10 10 100-0 
7-0 10 80-0 
5-0 10 44 45-0 
3-0 9 0 0-0 
A5 2 Sept. 10 11 ll 100-0 
chs 50 10 4 40-0 
4-0 ll 3 27-3 
1936 
A8 12 Feb. 9-0 4 3 15-0 
7-0 8 1 87-5 
5-0 9 5 55-6 
A9 8 Apr. 6-5 8 6 15-0 
1 5 45-5 


Amount 
Group and Date of injection given No, of No. of 
test no. 1935 pg. animals positives  % response 
Bl 26 July 3-0 19 1 55°3 
4-0 19 1 65-8 
5-0 18 1 86-2 
6-0 19 18 94:7 
70 18 16 88-8 
8-0 19 18} 97:3 
B2 20 Sept. — 2-0 19 2} 13-2 
19 10 §2-7 
5-0 20 18} 92-5 
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TasB.E V. Induction of vaginal oestrus in animals of strain C 


A body Percentage loss 
Group | oda t (g. of weigh 
test ection ven 0. - ‘osi- Nega- Posi- N 
no. vg. animals tives response tives tives tives 
CAl 11 March 2-50 20 3 15-0 129 140 14-5 17-0 
| 3-35 20 12 60-0 126 135 22-0 21-4 
4-50 20 18 127 118 21-1 24-6 
5-77 9 9 100-0 130 -- 19-5 — 
CA2 20 April 225 22 2 -:138 
» 2-15 22 4 18-2 125 141 23-7 19-5 
| | 3-25 23 64 28-3 123 138 15-8 20-6 
CA3 26 May 3-00 18 44 117 146 32-4 26-8 
3-50 9 47-3 115 135 31:8 28-4 
4-00 19 94 147 27-9 28-3 
CA4t 8 July 3°50 21 8} 40-5 135 152 16-6 16-5 
4-00 18 8 44-5 146 145 20-6 21:1 
CB1 26 June 2-75 19 7 36-8 120 113 24:3 23-8 
3°25 20 10 50-0 117 105 25-0 31-7 
3°75 20 16 80-0 115 127 27-7 22-6 
4-00 20 1 17-5 119 104 26-8 30-3 
4-25 20 184 92-5 123 104 24:8 36-8 
CB2 10 Aug. 2-50 22 4 18-2 120 142 22-8 18-3 
3-00 20 9 45-0 136 137 19-7 22°5 
3-25 18 10} 58-3 134 127 19-2 25-1 
3-50 21 10 47-7 134 131 19-7 19-3 
3°75 20 14 70-0 132 132 23-2 23-6 
4-00 21 20 95°3 131 120 19-0 20-0 
1937 
CCl 8 March 2-25 22 1 4-5 98 125 29-0 20-7 
2°75 22 5} 25-0 99 118 26-6 17-5 
3-25 21 7 33-3 118 124 20-3 18-6 
3-75 22 14 63-6 132 104 19-0 27-2 
4-25 22 17 173 117 127 21-6 18-2 
* See § VIII. t See § IX. 
t Test CA4 was carried out d a severe heat wave. The average temperature of the animal room 
was about 100° F. throughout the whole of the test 


The composite dosage-response curves fitted to all the observations . 
made on groups A and B are shown in Fig. 3 and that for strain C in | 
Fig. 4. The upper scale of abscissa of Fig. 4 sets out the equivalent of the 
dose in terms of the amount required to induce oestrus in 50% of the 
animals injected (“oestrus dose 50%”, or 0.p. 50). The curves relating 
dose to effect are clearly sigmoid in shape, a characteristic of biological 
systems of this kind, and are steeper than most curves obtained with 
other hormones and drugs. The steepness of that portion between 10 
and 90% of responses is apparent from the values of the ratio of 0.D. 90 
to 0.D. 10 which are approximately 2, 2-5 and 1-75 respectively for the 
three strains. 
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1 2 3 4 5 6 7 
Dose (ug.) 
Fig. 3. Dosage-response curves for strains A and B. The lower scale of abscissa refers to 
curve A, the upper to curve B. , 
Seale of o.p. 50 | 
06 0-8 ; 1-0 1:2 1-4 
T T T T T T 
80 
— 
40 
20 
2-0 2-5 +5 40 45 


Dose (ug.) 


Fig. 4. Dosage-response curve for strain C. The results of the various tests on the different 
groups of animals are differentiated{as follows. Tests: CA 1 O; CA2 ©; CA3 @; 
CA4 @;CB1(; CB2(;0C1 A. 
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VI. STaTISTICAL METHODS AND NOTATION 


The typical S-shaped action curve is transformed into a straight line 
[Gaddum, 1933; Bliss, 1935 a, 6] when the logarithm of the dose (2) is 
plotted against the effect (y) measured in standard deviations as units 
(“n.z.D.”’ of Gaddum; “probit unit” of Bliss). The slope (5) of the 
resulting regression line is an index of the variability of the individual 
animal; the value of the weighted average response of the whole group 
(y, or a) to the weighted average dose (7) fixes its position and is a measure 
of the general sensitivity of the group. Such problems as variation in 
sensitivity at successive tests, variation with strain etc. are obviously 
best examined by considering the values of the parameters (a and 6) of 
the appropriate regression lines and their known errors. 

For the most part the methods and notation of Bliss have been 
followed. The equation of each regression line, Y=a+b(X—Z), was 
first solved by computing the values of the constants a, b, and % from the 
relevant set of data. The x? test was then applied to determine whether — 
the differences between the experimental observations and the theoretical 
line placed through them were small enough to be attributed entirely to 
the error unavoidably introduced by the selection of test animals in 
random fashion. The agreement was considered within the limits of 
sampling error if the calculated value of x? exceeded that given by 
Table III of Fisher’s text [1932] at the number of degrees of freedom (n) 
about the curve and corresponding to the recognized odds for chance 
sampling variation of 1 in 20 (ie. P=0-05). In nearly all cases good 
agreement was indicated; where it was not, special mention of the fact 
is made and the value of the probability integral (P) is recorded. In the 
calculation of the variance of position (V (a)), and of slope (V (0)), Bliss’s 
equations (8) and (9) respectively have been used when x?/n exceeded 
unity and equations (10) and (11) when this value was less than one. The 
standard error of each parameter (s, and s, respectively) was then given 
by the square root of the variance. 

For present purposes it was considered more convenient to define the 
position of each line as the logarithm of the 0.p. 50 (m) rather than the 
average response (a) to the average dose (Z). The value of m was obtained 
by solving the equation of the curve for X at Y =5; its standard error (s,,) 
was computed from equation (30) by substitution, viz. 
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_ In the tables that follow, the values of b+s, and m+8,, are recorded. 
From this information the significance of an observed difference in slope 
__ or position between any two series of observations was established from 

the usual formula, t=(m,—%m,)/+/(s,2+8,2), where m, and mz, refer to the 
two values of either b or m, and s, and s, to their respective standard 
errors. A difference is described as significant if the value of ¢ thus pro- 
vided exceeds 2, which corresponds to odds of approximately 20 to 1 or 
greater against the observed difference being due to chance; otherwise 
the agreement between the two sets of data under consideration is judged 
within the limits of sampling error. Also applied were the more exacting 
x? and ¢ tests for discrepancy described by Bliss which take into account 
the number of degrees of freedom about each curve; in all cases however 
the same conclusions as regards the significance of a difference were 
arrived at. 
VII. E¥rect OF PREVIOUS TREATMENT | 

Number of times a group may be used. The best material for the deter- 
mination of the number of tests that can be made on the same group is 
provided by group A. It was used most frequently but the number of 
animals at each dose level and the number of dosages at each test were 
relatively few. The data pertaining to groups B, CA and CB are therefore 
more suitable for an examination of variation in sensitivity on different 
occasions. 3 | 

Inspection of the dosage-response curves (Figs. 3, 4) shows that the 
_ responses obtained at different tests on the same group are consistent 
with each other and are in agreement with the corresponding composite 
curve within the same limits of error. Group A was used nine times; 
5 wg. of the standard preparation given at the first to fifth, eight and 
ninth tests elicited responses of 80, 25, 78, 45, 40, 56 and 46% respec- 
tively (Table ITI). No indication of a progressive increase or decrease in 
sensitivity is apparent. 

The transformed dosage-response curves for the different tests on the 
three groups of strain C are shown in Fig. 5. The calculated values of the 
slope and 0.D. 50 in each case are included in Table VI together with those 
for tests B 1 and B 2 (regression lines not illustrated). The x? test indicates 
good agreement between the experimental observations and the corre- 
sponding line in all cases except CB 2 (P=0-015). There is no evidence 
of significant variation between tests on the same group. Group OB pro- 
vided the most reliable information because of the greater number of 
animals contributing to the estimates. The sensitivity of B and CB was 
remarkably constant on the two occasions each group was used. Fluctua- 
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tion within group CA was greater, the most discrepant values being 
obtained at test CA 2. In this case all three dosages elicited responses 
below 30%; hence the error of the estimate of the 0.p. 50 is great. Bliss 
[1935 a] points out that responses below approximately 33% are of 


Fig. 5. Regression lines for the various tests on different groups of strain C. Note. Each 
curve has a different zero on the scale of abscissa. j 


Taste VI. Sensitivity at successive tests — 


Group and No. of Slope 

test no. animals 
Bl 4-7441-53 
B2 58 6-25 +1-36 
CAl 60 9-43 +2-07 
CA2 67 4-78 +2-91 
CA3 56 5-37 +3-41 
CB1l 99 8-78 +2-09 
CB2 122 8-61 +3-12 
CCl 109 8-44 +1-66 


logy, 0.D. 50 
0-473 +0-056 
0-502 +0-032 
0-508 +.0-020 
0-632 +0-117 
0-585 +0-042 
0-492 +0-020 
0-495 +.0-027 
0-540 +.0-017 


uncertain value, as frequently the regression coefficient pertaining to this 
portion of the curve is less than that for the upper range. This may 
explain the low value of b at test CA 2, although the phenomenon has not 
been observed with other groups. The two observations made at test 
CA 4 do not permit an estimate of the 0.p. 50, but application of the 
appropriate ¢ test of Bliss [1935 b] indicates their agreement with the 


composite regression line for the first three tests on group CA (not — 
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illustrated), in spite of the unfavourable conditions prevailing at the time 
(see Table V). 
Effect of previous response. Good evidence that the nature of previous 
reactions does not influence those following is provided by the uniform 
results of the nine tests on group A and by the absence of any progressive 
change in sensitivity on the different occasions the various other groups 
were used. In addition a number of tests were so arranged that some lots 
which previously showed a high response were dosed at the next with an 
amount calculated to produce a low response and vice versa. The 
histories of three lots from group CA illustrate the procedure (Table VII); 


Tastz VII. The fraction indicates the proportion of animals in each lot reacting 
ie positively to the dose shown in brackets 


Test CAl 18/20 (4:5) 3/20 (2-5) 12/20 (3-35) 


Test CA2 2/10 (2-75) (2-75) (3-25) 
Test CA3 (4-0) (8-0) (3-5) 


the number of animals at successive tests does not necessarily correspond 
as each lot of 20 was not always kept intact. Thus a 90% response to 
4-5 wg. and a 15% response to 2:5 yg. at the first test were both followed 
at CA 2 by normal responses to 2-25 and 2-75 yg. given to ten animals of 
each lot. At CA 3, median dosages of 4-0 and 3-0 yg. elicited 40 and 
265% responses. The third lot responded uniformly to practically the 
same intermediate dosages throughout. These and similar observations 
on groups B and CB give no suggestion that the animals remain ab- 
normally sensitive to a previous weak or strong reaction, as happens in 
the ovariectomized animal following a large dose of oestrin [Marrian, 
1933]. 
VIII. INFLUENCE OF BODY WEIGHT 


The problem was examined (a) by considering the average weight of 
the animals which reacted positively and negatively respectively in each 
lot receiving the same dosage and (b) by comparing the general sensitivity 
and the average weight of the various groups. | 

The data relevant to method (a) are contained in Table V, p. 257. 
The weights given are those recorded on the day of injection; reactions 
evaluated as “one-half positive” are included amongst the positives. 
There were twenty-seven lots; in fifteen the average weight of the 
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positives was less than that of the negatives, in eleven the reverse rela- 
tionship held and in one the values were equal. This possible tendency 
for the lighter animals to react positively is not evident in those lots in 
which there was an appreciable number of each (i.e. between 30 and 
‘70% of responses); in only five of the twelve lots was the average weight 
of the positives less than that of the negatives. On the other hand, when 
the dose is small and only a few animals respond they appear to be the 
lighter ones; in all 8 lots which gave a response below 30% the average 
weight of the positives was less than that of the negatives. A summary 
of the 561 individual observations shows 277 positives and 284 negatives 


with average weights of 126 and 132 g. respectively. 


Taste VII. Group sensitivity in relation to body weight 


A body o.p. 50 

and No. of 0.D. 50 100 g. of 
no. animals g- , 
Bl 75 104 2-97 2-86 
B2 58 115 3-18 . 2796 
CAl 60 126 3-22 2-56 
CA2 67 138 4-29 3-11 
CA3 56 134 3-85 2-87 
CB1l 99 117 3°11 2-66 
122 3-13 2-34 
CCl 109 117 3-47 | 2-96 


‘There i is no correlation between general sensitivity and the average 
weight of the groups (Table VIII). The highest and lowest values of the 
_0.D. 50 for the first test on the three groups of strain C were given by 
CC 1 and CB1 with the same average weight. Nor is\the observed 
fluctuation within the same group on different occasions proportional to 
the change in weight between tests; when the values of the o.p. 50 per 
100 g. of weight are compared, the agreement within groups B and CA is 
improved but within CB the discrepancy is increased. 

To examine the effect of a large difference in size, one test was made 
on a selected group (CD) of very heavy animals. The average weight at 
the beginning of the test was 275 g., and when injected 211 g. Dosages of 
2-5, 3-25 and 5-0 yg. given to lots of 19, 19 and 18 rats elicited responses 
of 5:3, 26-4 and 44-4% respectively, whence m+s,,=0-703+0-115 and 
the o.p. 50=5-05 yg., an amount significantly greater than those per- 
taining to all tests on the other groups of strain C except CA 2 and CA 3 
(Table VI). The 0.p. 50 per 100 g. of weight for CD, 2:39 yg., roughly 
agrees with the corresponding values in Table VIII. There is thus some 
relationship between group sensitivity and average weight which becomes 
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apparent only when large variations are encountered. It cannot be con- 
claded from the amount of data available that 0.p. 50 is directly pro- 
portional to size. From the practical standpoint the relationship is not 


important, as the application of a correction is clearly not justified when 


the variations in weight are no greater than usual (Table VIII). 

In routine assay work it is advisable to mix thoroughly the animals 
of a group before each test, as recommended by Marrian [1933] for the 
standardization of oestrin. The procedure minimizes any discrepancy 


which might result from the tendency of the lighter animals to respond — 


at the lower dosages, or any possible influence of the previous response, 
by preventing the accumulation in any one lot of an excessive number of 
lighter or heavier animals, or of previous positives or negatives. — 


IX. INFLUENCE OF DEGREE OF AVITAMINOSIS _ 


Use of the dietary anoestrous animal introduces a unique variable 
factor, namely the degree of avitaminosis prevailing at the time of the 
test. The observation of Marrian & Parkes [1929 a] that large numbers of 
small follicles are not materially affected by any degree of avitaminosis 
compatible with life gave no reason to suppose that the reaction would be 
influenced by the condition of the animal. A direct comparison of the 
period of time on the deficiency diet before injection and the sensitivity 
of the various groups is of no value, as very nearly the same number of 
days (28-31) elapsed in all cases. Injections can hardly be made before 
the 28th day and postponement for a sufficient length of time to produce 
@ significant increase would invite a high rate of mortality. 

Considered from the standpoint of the individual animals, there is no 
consistent relation between the degree of avitaminosis (assessed from 
the growth curve) of the positives and negatives of each lot given the 
same dosage. The data are provided in Table V, p. 257; percentage 
loss of weight was calculated from the maximum weight attained on the 
deficiency diet and the weight on the day of injection. The average loss 


of weight of the positive animals was greater than that of the negatives — 


in fourteen lots and less in thirteen. The 561 individual tests gave 277 
positives and 284 negatives with average loss of weight at the time of 
- injection of 22-7 and 22-0% respectively. The absence of any trend in 
such a large number of observations makes it almost certain that degree 
of avitaminosis is without influence, 
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X. INFLUENCE OF AGE 


From purely theoretical considerations, the age from puberty to 
senility would not be expected to exert much effect. Our observations 
bear this out. The average age of the animals of the different groups at 
the beginning of the experiments was 3-4 months. Group A was in 
longest use; during the 13 months between the first and ninth tests, 
uniformly consistent responses were obtained (Table III and Fig. 3). 
With the other groups (Tables IV and V), a shorter period (2-4 months) 
elapsed from the first to the last tests; no significant differences in 
the 0.D. 50 were observed (Table VI). 


XI. GROUP VARIATION AND CONSTRUCTION OF STANDARDIZATION CURVE 


There remain to be considered (a) the extent of the variation in 
sensitivity between different groups of the same strain, (b) the incorpora- 
tion of observations made at different times into the final standardization 
curve, and (c) its errors in slope and position. In these ‘connexions only 
the more significant data provided by strain C need be dealt with. 

Groups CA, CB and CC were drawn from stock on 2 February 1936, 


- 5 May 1936 and 8 February 1937 respectively. In the same order the 


values of 6 obtained at the first test on each were 9-43, 8°78 and 8-44 and 
of the 0.D. 50, 3-22, 3-11 and 3-47 yg., no differences being significant 
(Fig. 5 and Table VI). The close agreement in both slope and position 
between the values for three groups selected at intervals of three and 
nine months indicate that the general sensitivity of the entire population 
is reasonably constant. The extent of the fluctuation within the same 
group at different times is somewhat greater (§ VII), but since it lies 
within the limits of sampling error the incorporation of all of the data 
(Table V) into a common curve is warranted. : 

The composite dosage-response curve fitted to all observations has 
already been given (Fig. 4); the corresponding regression line is shown in 
Fig. 6. The discrepancy between the line and the observations is slightly 
greater than would be expected from random sampling alone (x?=41-4, 
n=24, whence P=0-015). Three of the twenty-seven points lie outside 
the limits of +2 standard deviations; only 1-35 would be expected in the 
absence of any variation beyond that contributed by chance sampling. 
There is reason however to exclude the two observations (triangles) made 
under different conditions of environmental temperature at test CA 4 (see 
Table V). The agreement is within the accepted limits of conformity 
when they are rejected (y2=32-1, n=22, whence P=0-07). 
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Morrell & Chapman [1933] recommend that observations obtained at. 


different times be combined so that fluctuation in the 0.D. 50 from test to 
test is eliminated. They point out that the composite curve obtained in 
this way is generally steeper than that fitted directly (i.e. Fig. 6) as it more 
neatly approximates the ideal curve that would be obtained if the 
complete standardization could be carried out at one time. By their 


procedure the results of each test on each group are treated separately 


Scale of o.p. 50 


Probit units . 


0-2 0-3 0-4 0:5 0-6 07 0-8 09 
Logi. dose 


Fig. 6. Standardization curve for strain C. Y =5-00 + 8-72 (X -0-525). bs, =8-72+1-03. 
m +8,, =0-525+0-009, whence the 0.p. 50=3-35 ug. The results of test CA4 are 
shown in triangles. The zone of error bounded by the two dotted lines corresponds 
to +2 standard deviations for 20 animals, computed from the usual formula, 
8.D.=+/(PQ/N), where P= percentage response, Q=100-P and N=number of 
animals, 


and the different curves (i.e. those shown in Fig. 5) are then combined 
by shifting each line horizontally along the abscissa, without altering the 
slope, until the log 0.D. 50 (m) for each test coincides with the weighted 
average value (i.e. 0°525; Fig. 6). In all cases the value of m was deter- 
mined from the equation by substitution (y=5, b=8-72); the more 
representative slope computed from all the data was used rather than 
that obtaimed at each test from fewer observations. The appropriate 
constant (0-525—m) was then added, with due regard to sign, to the 
logarithm of each dosage administered at that test. For example, at 
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test CA 1, m=0-507; accordingly 0-018 was added to the logarithm of the 
three dosages given which is equivalent to moving line CA 1 without 
altering its slope to the common 0.D. 50. The results of the other tests on 
groups CA, CB and CC were treated similarly and the parameters of the 
regression line shown in Fig. 7 were then computed from the corrected 
dosages. With variation in position thus eliminated, the agree- — 
ment between the observations and the line is improved. All points 
lie within +2 standard deviations and the remaining discrepancy is 


3 Logi. dose 


Fig. 7. Regression line for strain C, corrected for variation in position. b +s, =8-50 +0-22. 
The zone of error corresponding to +2 standard deviations for 20 animals is shown by 
the two dotted lines (see legend to Fig. 6). 


clearly dependent upon the unavoidable error in sampling (y?=16-05, 
n=24, whence P=0-85). There is however no difference in slope 
(b=8-72 + 1-03 and 8-50 + 0-22 respectively). 


XII. VARIATION WITH STRAIN 


To examine the effect of strain the composite regression lines for 
strains A, B and C were computed (Fig. 8); all data pertaining to each 
(Tables III, IV and V, respectively) were included except those responses _ 
to the excessively high dosages of 7 and 8 yg. at test B1. In each case 
the different responses to the same dosage at the various tests were com- 
bined into a single percentage for the calculations. Thus for strain C, 
3-25 yg. given to a total of 78 animals at tests CA 2, CB 1, CB 2 and CC 1 
18—2 
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elicited 34 positive reactions, whence the average response to this dosage 
was 43-6°%, ; the results at each of the remaining ten dosages were pooled 
in the same way and line C was then fitted to the cumulative observations. 

The resulting values of the slope and 0.p. 50 for C (8-60 and 3-33 yg.) 
are not exactly the same as those previously determined from the 
separate observations on each lot of twenty animals (Fig. 6; 8-72 and 
3°35 pg.) because the weighting coefficients in the two cases were estab- 
lished from provisional regression lines that differed slightly in position. 
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Fig. 8. Composite regression lines for strains A, B and C. Note. Each curve has a different 
a zero on the scale of abscissa. 
IX. Variation with strain 
0. 
individual Slope logy) 0.D. 50 0.D. 50 
Strain observations b+4, M pg. 
7-944+1-12 0-686 +.0-015 4-85 
B Ak 5-67 +0-95 0-495 40-025 313 
8604078 0-523 £0-007 3-33 


A comparison of the parameters (Table IX) shows that the o.p. 50 
for A is significantly greater than that for either B or ©, the latter two 
conforming with each other. The values of 6 for A and C agree closely; 
the difference between B and C is statistically significant, that between 
A and Bis not. Thus in no case can both the individual susceptibility 
and general sensitivity of the animals of any two of the three strains be 
considered in agreement. 7 


ug 
of 
pt 
4 
q 
2 
# 
a 
‘al 
3 
‘a 
vi 
a 
4 
j 
{ 
4 > 
a 
af 


ASSAY OF GONADOTROPHIC SUBSTANCE 269 


The extent and significance of the observed variation make evident 
the unsuitability of a biological “unit” of measurement such as the 
o.D. 50 [see Burn, 1937]. While this quantity may be constant for a given — 
colony, it is certain to fluctuate from one laboratory to another, a 
difficulty which can be overcome by estimating the potency of an un- 
known extract in terms of that of a standard. The -introduction of 
international standard gonadotrophic preparations. should age the 
results of different investigators on a comparative basis. 


XIII. Usk oF THE STANDARDIZATION CURVE 


The standardization curve may be used for the estimation of the 
potency of an unknown extract in any of the ways described by Gaddum 
or Bliss. The appropriate method in any particular case is dependent 
upon the stability of the test animals as regards the relative susceptibility 
within the population (slope) and the average sensitivity (position). 
With the animals of strain C, no significant variation in slope has been 
found from one group to another (§ XI) or from time to time (§ VII); 
thus the value of b may be taken as constant. Whether the observed 
fluctuation in the 0.D. 50 is actually within the accepted limits for chance 
sampling variation is doubtful, but it is certainly close enough to be so 
considered for some practical purposes. Examples of two methods are 
therefore cited: (a) that in which the position of the standard curve is 
assumed constant and (b) that in which an estimate of m is ascertained at 


- each test from the response to one dosage of the standard preparation 


administered simultaneously with the unknown. 

(a) Method in which b and m are assumed constant. Twenty animals 
are dosed with an amount of the unknown equivalent as nearly as 
possible to that required to elicit 50% of responses; owing to the steep- 
ness of the curve it may be necessary to determine the approximate 
quantity from preliminary trials with fewer animals. The observed 
response is then referred to the characteristic curve in order to find the 
amount of the standard preparation required to produce the same effect, 
from which the relative potency is calculated. Either the dosage- 
response curve (Fig. 4) or the corresponding regression line (Fig. 6) may 
be used for the purpose; the latter is preferable because it is fitted to the 
experimental data algebraically. More precisely, the logarithm of the ratio 
of the potency of the unknown to the standard (M) is computed from 
the expression (viz. equation (9) of Gaddum and equation (29) of Bliss), 
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where the constants for the standard curve are designated by the sub- 
script 1 and the functions of the single dosage and response of the unknown 
by the subscript 2. Thus if 10 yg. of an unknown give a 40%, response 


(4-75 probits), M=1-0-525 0.504, whence the ratio=3-19. 


(b) Method of Gaddum. Twenty animals are dosed with the unknown 
and 20 with the standard at the same time. The value of M is deter- — 
mined from the above equation where, in this case, z, and y, refer to the 
observation with the unknown, 2, and %,, the single observation with the 
standard, and b,, the slope of the standard curve. Thus if the response to 
10 yg. of the unknown is 40%, as previously considered, and to 3-75 yg. 


of the standard is 60% (6-25 probits), M = 0-483 


and the ratio= 3-04. 

The most suitable method and the number of animals to be used are 
best decided by individual workers in accordance with their own purposes 
and requirements of accuracy. Since the average sensitivity is assumed 
constant in method (a), the o.p. 50 is virtually a unit of measurement and 
hence the scale of 0.D. 50 given above the characteristic curves (Figs. 4, 6) 
may be considered a scale of rat units, applicable to this strain of 
animals only and under the particular conditions of administration 
etc. outlined. We have used this method extensively with frequent 
administrations of the standard preparation to check the constants of 
the characteristic curve. 


XIV. AccuRAcy OF THE TEST 
_ A direct estimate of the accuracy of the test can be ascertained from 

the observations which deviate most widely from the composite regression 
line (Fig. 6). The dispersion obviously increases over the upper range of 
the curve (i.e. above 90% of responses) as oestrus is not induced in all 
animals unless excessively high doses are administered; for practical 
purposes this portion of the curve is useless. The limits of the dispersion 
of the twenty-four observations below 90% are fixed by the response 
(37%) to 2°75 yg. at test CB 1 and that (445%) to 4-0 ug. at test CA 4. 
The corresponding values of the 0.p. 50 calculated by placing through ~ 
each of these points a line with slope 8-72 (i.e. parallel to the composite 
regression line) are 3-00 and 4-14 yg. respectively, or 89-5 and 124% of 
the weighted average or “true” value of 3°35 ug. These figures represent 
the limits of the variation actually observed in twenty-four trials. The 
corresponding limits of error determined from the dosages corrected for 
variation in position (Fig. 7) are 91 and 114%. The difference, which 
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represents the error introduced when the 0.p. 50 is assumed constant for 


_ the colony, is not appreciable in this particular case. 


The Sub-Committee on the Accuracy of Biological Assays of the 
British Pharmacopoeia Commission recommend in their Report [1936] that 
the limits of error of a biological method of assay be expressed as per- 
centages of the true result within which the estimate will lie 99 out of 
every 100 times (P=0-99) that the test is carried out. These limits 
correspond to the range covered by + 2-576 standard deviations and 
represent an error scarcely likely to be exceeded in actual practice. 
When an unknown and the standard preparation are compared by 
method (5) (previous section), the standard error (A,,) of the logarithm of 
the result is given by Gaddum’s equation (10), 

1 2 

= 
where ”’ and n” are the number of animals receiving the unknown and 
the standard preparation, B’ and B” the weight factors corresponding to 
the observed responses, and 7’ and 7” the observed responses in normal 
equivalent deviations or probit units. The last term represents the error 
introduced by the variance of the slope and vanishes when 7’ is 
numerically equal to 7”. Thus if the response of twenty animals to the 
unknown is 50% and of twenty to the standard is 50% (i.e. B’=B"’ = 
0-637), the expression becomes 8-72? and Ay= 
0-0454; 2-576 A,,=0-117, whence the limits of error (P=0-99) are 16 and 
131%. | 

A comparison of assay of the oestrus-inducing substance on the 
dietary anoestrous rat with the familiar assay of oestrin on the ovariec- 
tomized animal shows that the former achieves considerably greater 
accuracy. The oestrone standardization curve used in this laboratory 
was constructed from fifteen observations each of which was made with 
twenty animals of strain C. All data were obtained at successive tests on 
the same group, the hormone being administered in one injection in oil. - 
The parameters of the composite regression line with their standard 
errors are: 6+8,=3°31+0-46 and m+s,,=0-114+0-024, whence the 
0.D. 50=1-30 wg. When the response of twenty animals to both the 
standard and the unknown preparation is 50%, the limits of error 
(P=0-99) are thus 49 and 203%. 

Rowlands & Parkes [1934] and Burn [1987] have reasoned that the 
vaginal cornification test, because of its secondary nature, would be 
likely to prove unsuitable for the estimation of gonadotrophic activity. 
Two variables are involved, (a) variation in the amount of oestrin secreted 
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in response to a given quantity of gonadotrophic substance and (6) varia- 
tion in the effect produced in the secondary organs by the same amount 
of oestrin. Unusually wide fluctuation in the sensitivity of different 
animals to the primary hormone would thus be anticipated. In practice — 
the theoretical expectation is not fulfilled (quite apart from the fact that 
a vaginal or uterine reaction is the only criterion of this particular kind — 
of gonadotrophic activity—see introduction). In any biological test, the 
steeper the dose-effect curve, the less the individual variation, and, all 
other things being equal, the more accurate the method. Under the con- 
ditions described in each case, the value of 6 pertaining to vaginal corni- 
‘fication induced in the dietary anoestrous rat by gonadotrophic hormone 
is 2-6 times that for the same reaction induced in the ovariectomized 
animal by oestrone. Working with the infantile rat and gonadotrophic 
preparations from pregnancy urine and from mares’ pregnancy serum, 
Hamburger & Pedersen-Bjergaard [1937] obtained steeper dosage- 
response curves for the secondary vaginal reaction than for the produc- 
tion of corpora lutea, a primary effect on the ovary itself. From their 
data the slopes have been estimated (geometrically) as 4-6 and 1-4 
respectively for the urine extract and 6-5 and 1-4 for the serum. 


XV. DosaGE-RESPONSE CURVES FOR OTHER GONADOTROPHIC 
PREPARATIONS 


Urine of pregnancy extracts. Whether the slope of the characteristic 
curve is substantially the same for various preparations from the same 
source but of different degrees of purity is a question of considerable 
importance [vide Deanesly, 1935; Hamburger & Pedersen-Bjergaard, 
1937]. If the slope fluctuates under such conditions, each test would 
have to be so arranged that the two preparations being compared would 
always produce the same arbitrarily chosen response. It is well known 
[see Emery, 1937] that the effect of gonadotrophic extracts may be 
augmented by the simultaneous administration of zinc sulphate, protein 
and other substances, but no information is available as regards the 
influence on the slope of foreign materials which are inert in themselves 
but which might alter the rate of absorption of the active principle or 
otherwise affect the reaction. 

We have limited data in this connexion which show no significant 
differences between the values of b for the standard and two other 
_ extracts prepared by different chemical methods (Table X). All observa- 
tions were made at successive tests on group B; lots of ten animals only 
were used with preparations 5BP and 54K. The regression lines for 
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5AE and the standard have practically the same slope; that for 5BP is 

steeper but the error of this estimate is great. Preparation 5BP was also 

assayed on group A at test A 7 (two dosages to lots of ten animals); the 

ratio of its potency to that of the standard was found to be 1-83, which 
— well with the result of the comparison on group B. 


TaBe X. Response to various urine of pregnancy extracts 


Potency rela- 
No. of Group and tive to the Slope 
Preparation dosages test no. standard b+, 
Standard — 7 Bl, B2 1-00 5-67 +0-95 
5AE 4 B3, B4 1-30 5-45 +2-21 
5BP 5 B2, B3 1-94 12-85 +6-29 


Mares’ pregnancy serum. That there are marked qualitative differences 
in the action of gonadotrophic preparations from various sources has 
been established by many investigators. Only limited ovarian growth 
can be produced in the infantile rat by pregnancy urine extracts whereas 
greater stimulation is obtained with pituitary preparations. Large doses 
of mares’ pregnancy serum give rise to ovaries comparable in size to those 
obtained with hypophyseal extracts but the shape of the curve expressing 
the relation of dose to effect is quite different. Growth of the infantile 
ovary is not however a criterion of any one. particular kind of gonado- 
trophic activity and may well result from the action of several substances 
(see introduction). Hill e¢ al. [1934] dealt with the ovulation-producing - 
activity of a standard urine extract and one from the anterior lobe and 
found b=6-7 and b=3 to 4 respectively. Hamburger & Pedersen- 
Bjergaard [1937] compared the power of an extract of mares’ serum and 
of pregnancy urine to cause growth of the uterus, vaginal cornification 
and formation of corpora lutea. The uterine growth curves closely 
parallel each other and, as far as can be ascertained, their data do not 
indicate that the dosage-response curve for the serum preparation differs 
in slope from that for the urine extract, as regards either the induction of 
_ vaginal oestrus or the formation of corpora lutea. 

A number of observations were made with one extract of mares’ 
pregnancy serum, prepared from the acetone precipitated plasma powder 
by extraction with a mixture of acetone (50%), water (40%) and 
pyridine (10%), followed by a second precipitation with acetone. In all 
seven dosages to lots of ten animals were administered at two successive 
tests to a group of strain C. The parameters of the regression line are: 
m + 8» = 1-851 + 0-029, whence the 0.D. 50=70-0 pg., and 6 + s,=6-22 + 
2-21, as compared with 8-72 + 1-03 for the standard urine extract. Since 
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festations of the secretion of oestrin by the stimulated ovary, these 
results and those of Hamburger & Pedersen-Bjergaard strongly suggest 
that the gonadotrophic principle (or principles) of pregnancy urine and of 
serum causing oestrin secretion are alike in their action. 


XVI. THE POTENCY OF OESTRIOL GLUCURONIDE 


Use of the intact animal for the estimation of gonadotrophic activity : 


supposes the absence of oestrin which in small amount stimulates uterus 
and vagina directly and in larger amount brings about [Ellison & Burch, 
1936], through the medium of the hypophysis, formation of corpora lutea 
and consequently an increase in weight of the ovary. With preparations 
of urinary origin, adequate precautions must therefore be taken to 
remove last traces of oestrin. During pregnancy more than 99% of the 
total oestrogenic material is excreted as the ether-insoluble conjugate 
with glucuronic acid (Cohen, Marrian & Watson, 1935; Cohen & Marrian, 


1936]. The water-soluble combined oestrogens are present as the 


sodium salts which are less soluble in aqueous alcohol and acetone than 
the free acid complexes. From theoretical considerations, the precipita- 
tion of gonadotrophic material with alcohol or acetone in a slightly acid 
medium would effect most complete separation. 

The procedure used in the extraction and partial purification of the 
_ standard preparation (§ II) involved two precipitations with acetone. No 
reaction was obtained in ovariectomized mice in doses (four injections) 
of 50 mg., a quantity many thousand times the o.p. 50 for oestriol 
glucuronide in castrated mice of the same strain and under the same 
conditions of testing (2°7 ug. [Cohen, Marrian & Odell, 1936]). No 


interference from traces of combined oestrogens would thus be expected — 


unless the latter were several hundred times more active in the intact 
animal. This remote possibility was ruled out experimentally. Sodium 
oestriolglucuronidate, kindly supplied by Prof. G. F. Marrian, was 
administered (one injection in saline) to a group (CB 3) of dietary 
anoestrous rats in dosages of 2, 6, 18 and 50 yg. There were no positive 
_ Feactions in each lot of ten animals given the two lowest dosages; two out 
of five responded to 18 yg. and three out of five to 50 pg. No attempt 
was made to determine more precisely the value of the 0.p. 50 for the 
glucuronide as it was obviously five to ten times greater than that of the 
standard gonadotrophic preparation (3-35 jg.). 
Although possible interference was eliminated in the present instance, 
contamination of urine preparations with water soluble oestrogens is a 
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likely source of error in the assay of gonadotrophic hormones. Certainly 
results obtained with extracts separated from urine by precipitation with 
agents other than water miscible organic solvents and not further purified 
are of doubtful value. 
SuMMARY 

1. In an effort to avoid certain objectionable features of the infantile 
rat test for oestrus-inducing gonadotrophic activity, an.examination has 
been made of the suitability of the dietary anoestrous adult rat as a test 
object and of the variable factors influencing the vaginal reaction 
following the administration of a standard extract of pregnancy urine. 

2. On a vitamin B-deficiency diet, cessation of the normal vaginal 


-eycle occurs abruptly within 1 to 3 weeks. There is thus ample 


time for accommodation of the test before serious deficiency symptoms 
become evident (§ IIT). 

3. Injection of a group of animals was made after a period of 10 days’ 
continuous dioestrus was shown by all individuals. The response was 
observed on the third and/or fourth day thereafter. A complete diet was 
then restored for approximately 1 week before preparation for the 


succeeding test. 


4. The number of successive tests which may be carried out on the 
same group without appreciable disturbance of sensitivity is apparently 
unlimited. Nine tests on group A gave uniformly consistent responses 
(§ Vit). 

5. No evidence was found that the result of one test influences the 
response at the next (§ VII). 

6. A single subcutaneous injection is as satisfactory as the divided 
dose (§ IV). 

7. .The amount of the hormone required to produce vaginal oestrus 
varies with the body weight of the animal. Within reasonable limits of 
size, the extent of the variation is not great enough to justify the applica- 
tion of a correction (§ VIII). 

8. Age (§ X) and the degree of avitaminosis prevailing at the time 
of the test (§ IX) do not affect the reaction. 

9. No significant variation in sensitivity was observed between 
successive tests on the same group (§ VII) or between different groups of 
the a strain (§ XI). 

. Standardization curves have been constructed for three strains 
of Bierce and have been analysed by statistical methods. Both the 
slope of the dosage-response curve and the amount of hormone required 
to elicit 50% of responses vary significantly with strain (§§ XI and XII). 
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11. Use of the standardization curve for the estimation of the 


activity of an unknown extract is discussed (§ XIII). When ‘twenty 


animals receive the standard preparation and twenty receive the 
preparation being tested, and the response in each case is 50%, the _— 
of error (P=0-99) are 76 and 131% (§ XIV). 

12. The dosage-response curves for the oestrus-inducing a. 
trophic principle of human pregnancy urine and of mares’ pregnancy 
serum have substantially the same slope (§ XV). 


The suggestions and advice of Prof. G. F. ‘Martian have proved invaluable. Also our 
thanks are due to Drs C. I. Bliss, C. W. Chapman, C. A. Morrell and M. A. Ross for helpful 
discussion of the statistical aspect, and to Messrs G. T. Perry and M. Edson for skilful 
technical assistance. 

Both of us are indebted to the Banting Research Foundation for personal grants and 
for the defrayment of expenses in part. 
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. ACETYLCHOLINE SYNTHESIS IN 
A SYMPATHETIC GANGLION 
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Brown & FELDBERG [1936] have described experiments which show that 
the cat’s superior cervical ganglion, perfused with Locke’s solution con- 
taining glucose and eserine, is capable of synthesizing acetylcholine 
during the course of a prolonged stimulation; and they have taken note 
of some of the factors concerned in the synthesis. The present paper is in 
large degree an extension of their work. 

The question of ACh. synthesis by nervous tissue has been investi- 
gated under very different conditions by Quastel and his co-workers 
[Quastel, Tennenbaum & Wheatley, 1936; Mann, Tennenbaum & 
Quastel, 1938], who used brain tissue respiring im vitro. They find that 
synthesis takes place only in aerobic conditions, and that it depends to 
some extent on the amount of free choline present, but to a greater 
extent on the presence of certain non-nitrogenous organic substances. 
Thus the addition of glucose, lactate, or pyruvate to the respiring brain 
pulp greatly increases the rate at which this forms acetylcholine. 
Succinate, on the other hand, although it stimulates respiration like 
glucose, etc., does not promote ACh. synthesis. Other substances 
tested were ineffective; these included acetate, acetoacetate, «-keto- 
glutarate, and hexose diphosphate. Corteggiani [1938] has likewise 
observed that the amount of ACh. obtained on heating minced brain 
tissue is increased by previous incubation with oxygenated Locke’s 
solution containing glucose. In the experiments of these authors there is, 
of course, no possibility of relating ACh. discharge to the activity of 
particular nervous elements, or of investigating whether such sub- 
stances as glucose can be utilized for the replenishment of ACh. stores 
depleted by stimulation. It seemed, therefore, desirable to investigate 
in the intact ganglion the processes described by Mann ¢¢ al. as governing 
the synthesis of ACh. by brain tissue im witro. 
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Cats were used in all the experishents The anaesthetic was — 
chloralose. 


Ganglion perfusion was carried out according to the methods 
previously described [Feldberg & Vartiainen, 1934], using, however, a 
pump to produce a pulsatile pressure (MacIntosh, 1938 a], instead of a 
steady hydrostatic pressure. The perfusion fluid was either ordinary 
Locke’s solution, containing 0°1°% glucose, or the same solution without 
glucose; eserine sulphate (1: 250,000) was added in all except a few 
special experiments. For many experiments the arterial cannula was 
slightly modified by the insertion between its body and tip of a short 
length of fine-bore catheter tubing, through which small volumes (0-05- 
0-2 c.c.) of solutions to be tested were injected. It was possible in this 
way to determine with some accuracy the latent period and duration of 
an effect. Injected fluid reached the ganglion within 2-3 sec., as shown by 
the response of the nictitating membrane to ACh. or KCl solutions: and, 
as it was completely washed through by the perfusion stream within a 
few minutes, a series of injections could be made to compare the effects 
of different substances, or of different doses of the same substance. All 
solutions injected in this way were previously warmed to the temperature 


of the perfusion fluid, and had nearly the same pH and osmotic pressure as _ 


Locke’s solution. Slight changes in the temperature of the perfusion 
fluid have little obvious effect on the ganglion, which is, however, very 
sensitive to osmotic and pH changes, especially to hypertonic and acid 
solutions. Whole blood and plasma for injection into the perfusion stream 
were obtained from the animal under experiment, and made incoagulable 
with heparin. 

The effluent from the ganglion was tested in the usual way on the 
eserinized leech preparation. Control tests ensured that the activity of 
samples collected after the injection of special solutions was not modified 
by the presence of the injected material: under the conditions of the assay, 
none of the substances tested, with the exception of d-l glyceraldehyde 
and aneurin, affected the response of the leech muscle to a standard dose 
of ACh. The first of these diminished the response of the leech; the latter 
[Minz & Agid, 1937] augmented it. 

Ganglion extracts were made with trichloroacetic acid as previously 
described [MacIntosh, 1938 6]. Certain precautions, which were taken 


to reduce the effect of delay i in fixation of the excised ganglion, will be 
mentioned later. 
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_ Stimulation of the preganglionic trunk was invariably by means of 
condenser shocks of maximal intensity at the rate of 10 per sec., timed 
by a rotary contact breaker. The stimulating electrodes were either glass- 
shielded platinum wires or of the Collison fluid type, and usually required 
no adjustment during a period of several hours’ continuous stimulation. 


A continuous record of the response of the nictitating membrane: 


recorded isotonically with the eyeball removed, furnished a check on 
the effectiveness of the stimulation, and indicated the extent to which the 


ganglion was transmitting impulses. 


RESULTS 
Perfusion with Locke’s solution without glucose 

The fatigue phenomenon. A ganglion perfused with Locke’s solution 
containing no glucose, but otherwise normal in composition, transmits 
impulses quite normally during the first 5-10 min. of a prolonged stimu- 
lation. If eserine is present, acetylcholine is discharged into the per- 
fusion fluid, in this initial period, in concentrations little, if any, lower 
than are found at the same stage when the perfusion fluid contains 
glucose; the early, transient relaxation of the contracted nictitating 
membrane, during continuous preganglionic stimulation, shown by 
Brown & Feldberg [1936] to be due to excess of free ACh. within the 
ganglion, is likewise regularly observed in the absence of glucose. When, 
however, stimulation is long continued, conduction through the ganglion 
fails progressively, and much more rapidly than when the perfusion fluid 
contains glucose. The response of the nictitating membrane is already 
below its initial maximum after 10 min. of stimulation; thereafter it — 
diminishes rapidly, and within a time varying from 30 to 90 min. has 
fallen almost, or quite, to the base-line. Coincidently, the output of 
ACh. has undergone a steady diminution, to approach the limit of 
recognition within the same time. This behaviour of the ganglion may be 
contrasted with that seen when the perfusion fluid contains glucose. In 
the latter case, both the peripheral response and the discharge of ACh. 
persist, although much reduced, during at least 2-4 hr. of continuous 
stimulation; and, in fact, both are usually quite apparent for as long a 
period as the ganglion can be perfused. The total output of ACh., 
during a continuous stimulation lasting 1-2 hr., is thus usually less with 
glucose-free than with normal Locke’s solution. It may, however, con- 
siderably exceed the total amount of ACh. which can be extracted from 
an unstimulated control ganglion (Table I, Exps. 1, 2). The ganglion, 
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therefore, retains some power of synthesizing ACh., even when it is not 
supplied with any organic material from without. 

A brief interruption (1-2 min.) of the preganglionic stimulation, 
when the ganglion has been fatigued by prolonged stimulation in the 
absence of glucose, is followed by a definite recovery of the peripheral 
response (Fig. 3). This recovery, however, as will be seen, is smaller and 


of shorter duration than that which regularly occurs in the ganglion — 


supplied with glucose, and fatigued to a — degree by a longer stimula- 
tion. 

The fatigue occurring with ree stimulation does not involve 
the ganglion cells or their axons, since the nictitating membrane responds 
normally to the injection of ACh. or KCl into the perfusion cannula. 

Simple perfusion with glucose-free Locke’s solution, however pro- 
- longed, does not interfere with the ability of the ganglion to discharge 
ACh. when stimulated through the preganglionic nerve. Thus, in one 
experiment, a maximal preganglionic stimulation lasting 2 min. dis- 
charged 0-018 pg. of ACh.; perfusion was then continued for 2 hr., at 
the end of which period a similar stimulation produced an identical 


contraction of the nictitating membrane, and discharged 0-022 ug. 


of ACh. 

The restorative effect of glucose. If a ganglion is perfused with glucose- 
free Locke, and the preganglionic trunk is continuously stimulated until 
the peripheral response and the ACh. output have fallen to a low level, and 
if then the perfusion fluid is changed for Locke’s solution containing 
01% glucose, there is a prompt and very large improvement of the 
peripheral response, and a coincident increase in the ACh. concentration 
of the venous effluent. Further stimulation, so long as the perfusion fluid 
contains glucose, causes only a very slow falling off of the periphers! 
response and of the ACh. output from their new high levels. 

This double restorative effect of glucose is illustrated by Fig. 1. In 
this experiment, the preganglionic trunk was excited from the point 
marked Stim. onward, the successive parts of the record being separated 
by 30 and 20 min. respectively.- The figure shows, besides the response of 
the nictitating membrane, the effect on the leech preparation of samples 
of the effluent, collected during corresponding periods: the first stimula- 
tion sample was tested in 1: 10 dilution and the other samples in 1 : 1-4 
dilution. With glucose absent, transmission and ACh. output are seen to 
fall off quickly; but recovery of both follows promptly, and is well main- 


-glucose-containing Locke’s solution. 


tained when the perfusion fluid is changed (indicated by arrow) for 
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This restorative effect of glucose may be conveniently and regularly 
demonstrated ina temporary form by injecting small amounts of 
glucose sclution into the perfusion stream through the tip of the arterial 
cannula. In this way we have found that the minimum effective dose of 
glucose is of the order of 5 ug. Under the conditions of perfusion with a 
saline fluid the. whole block of perfused tissue, including the nodose 
ganglion of the vagus as well as the superior cervical ganglion, becomes 
very oedematous. It may be assumed, therefore, that only an uncertain, 
but, in any case, small fraction, of the dose of glucose thus injected 
passes through the vessels of the superior cervical ganglion itself. With 


Fig. 1. Perfusion of ganglion with glucose-free Locke's solution, containing eserine: 
continuous preganglionic stimulation. Response of the nictitating membrane and 
effect of the venous effluent on the leech preparation. Changing the perfusion fluid to 
normal Locke’s solution, containing glucose, improved transmission through the 
ganglion, as shown by the response of the nictitating membrane, and increased the 
ACh. concentration of the venous effluent. : 


increase of the dose of glucose, the restorative effect becomes pro- 
gressively greater, the duration of the effect being also prolonged. Small 
doses of glucose, which produce only a small and brief recovery of 
transmission, cause no perceptible increase in the ACh. concentration of 
the perfusate. With larger doses, however, the invariable association of 
a considerable recovery of transmission with a clear increase in ACh. 
output is very striking. © 

Fig. 2 shows the varying dogrees of restoration produced by several 
different doses of glucose. In this experiment, continuous preganglionic 
stimulation, commencing 30 min. before the beginning of the record, had 
greatly impaired transmission; the initial peak of the nictitating mem- 
brane response, and its base-line, are indicated at the left of the tracing. 

PH. XCVI. «= 19 
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The injection into the arterial cannula of 0-1 c.c. of 5-6 % glucose solution 
(5°6 mg. of glucose) produced an improvement of the peripheral response, 
which began in about 10sec., lasted about 10 min., and surpassed 
momentarily the response before the onset of fatigue. Smaller and more 
transient restorative effects were produced by 0-001 and 0:0001 c.c. of 
the solution; the latter, equal to 5-6 yg. of glucose, was the threshold 
dose in this experiment. 

A control experiment showed that the whole of the injected glucose 
was discharged from the venous cannula within less than 6 min.; it is 
thus clear that the restorative effect considerably outlasts the period 
during which glucose is in contact with the ganglion. This restorative 
effect of glucose, which is dependent, as will be shown, on synthesis of 


Fig. 2. Perfusion of ganglion with glucose-free Locke’s solution containing eserine; 
continuous preganglionic stimulation. Recovery of response of nictitating mem- 
brane on injection of varying amounts of 5-6% glucose solution into the perfusion 


ACh., takes place apart from stimulation of the preganglionic fibres, 
since a similar restoration occurs when glucose is injected into a fatigued 
ganglion during the course of a brief interruption of the stimulation. 
Such an injection produces, by itself, no output of ACh. or excitation of 
the ganglion cells; but resumption of the preganglionic stimulation dis- 
closes a recovery, both of transmission of excitation at the synapses and 
of ACh. output, much greater than that produced by an equal period of 
rest alone. | 

In Fig. 3, which illustrates this point, the record begins 35 min. after 
the commencement of stimulation; the peak and base line of the nicti- 
tating membrane response are shown at the left; and the signal line 
indicates interruption of the stimulation for. periods of 1 min. During 
one of these rest periods 0-1 c.c. of isotonic glucose solution was injected, 
as marked by the arrow. The recovery of the ganglion, during this 
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period, was greater and more prolonged than that which occurred during — 
the other periods of rest, when no glucose was injected; the rate of ACh. 
discharge was likewise increased. 

Glucose injected during the first part of a preganglionic stimulation, 
before transmission has become impaired, affects neither the peripheral 
response nor the ACh. output, just as injection of additional glucose has 
no effect when ordinary Locke’s solution, containing glucose, is perfused. 


Fig. 3. Perfusion of ganglion with glucose-free Locke’s solution containing eserine 
1: 250,000. Response of nictitating membrane to continuous preganglionic stimulation 
(10 per sec.), commencing 35 min. before beginning of record, and interrupted for 
l-min. periods as indicated by signal line. 
the top of the figure. At |, injection of 0-1 c.c. of 5-6% glucose solution. 


The response of the ganglionic neurones to injected ACh. or KCl is also 
- unaffected by glucose. When eserine, as well as glucose, is omitted from 
_ the perfusion fluid, failure of transmission occurs in exactly the same 
way with preganglionic stimulation, and transmission is similarly 
restored by glucose, though ACh. does not, of course, appear in the 
effluent. 

The ACh. content of stimulated seiealin: The fatigue which develops 
with prolonged preganglionic stimulation thus corresponds with, and is 
presumably due to, a great decrease in the amount of ACh. liberated by 
the stimulation. Such a decrease might be due to a failure of the 
mechanism, through which preganglionic impulses set free ACh.: failure 
of transmission arising in this way would not involve any depletion of 
the ACh. content of the ganglion. Table I shows, however, that pro- 
longed preganglionic stimulation, when the perfusion fluid contains no 
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glucose, regularly reduces the quantity of ACh. which can be extracted 
from the ganglion. These results strongly suggest that the fatigue which 
develops under these conditions at the level of the ganglion is due to 
inadequate replacement of the ACh. lost by stimulation; it follows that 
the restorative effect of glucose is due to accelerated synthesis of ACh. 


Taste I. Perfusion with glucose-free Locke's solution 


: Final ACh. content of ganglia 
Duration of — A — 


Exp. stimulation ACh. output Perfused Control 
no, min. peg. pg. pg 
1 115 0-43 0-08 0-14 
2 0-26 0-09 0-13 
3 80 0-17 0-07 0-15 
4 70 0-18 0-10 0-24 
Av. 0-085 0-165 
None 0-15 0-12 
6 None oe 0-23 0-24 


The speedy effectiveness of glucose suggested to us that the failure 
of Brown & Feldberg [1936] to detect any depletion of the ACh. in the 
ganglion, after the most prolonged preganglionic stimulation in the 
presence of glucose, might be due to the effective renewal of the ACh. 
stores in the interval elapsing between the end of the stimulation and the 
fixation of the excised ganglion in trichloroacetic acid. This seemed the 
more likely, in that Brown & Feldberg, and we ourselves, have noted 
that in the ganglion so fatigued a brief interruption of the preganglionic 
stimulation, lasting only 1-2 min., may suffice to restore transmission 
completely and to produce a manifold increase in the ACh. output. We 
have, therefore, repeated the experiments of Brown & Feldberg, with 
additional precautions to minimize ACh. synthesis in the time between 
the end of stimulation and the fixation of the ganglion: preganglionic 
stimulation being continued until the moment of excising the ganglion, 
which was immediately placed in ice-cold 10% trichloroacetic acid and 
finely minced with scissors. These experiments (Table II) appear to 
show, unlike those of Brown & Feldberg, in which fewer precautions 
were taken to avoid delay in extraction, a slight diminution of the ACh. 
equivalent of the ganglion as a result of prolonged stimulation. The 
diminution is, however, a small one, and contrasts with the very great 
reduction of the ACh. output per unit of time seen during prolonged 
stimulation. Exp. 4 confirms the finding of Brown & Feldberg that no 
ACh. is lost by the unstimulated ganglion during prolonged perfusion 
with normal Locke’s solution. i 
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TaBE II. Perfusion with Locke’s solution containing glucose 
; Final ACh. content of ganglia 


Duration of 

Exp. stimulation ACh. output Control 
1 125 0-55 0-22 0-27 
2 60 0-33 : 0-17 0-24 
3 150 0-48 0-18 0-23 
Av. 0-19 0-25 


We have been able to show, however, that an appreciable increase of 
the ACh. content of the fatigued ganglion can occur, even within the 
short interval needed for excision, when glucose is present. Prolonged 
preganglionic stimulation, when the perfusion fluid contained no glucose, 
regularly led to a depletion of the ACh. of the ganglion, which averaged 
50% (Table I). These experiments were now repeated with the same 
technique, and with the precautions described above to reduce ACh. 


_ synthesis after the end of stimulation, but with the difference that 0-5 c.c. 


of isotonic glucose solution was injected into the perfusion stream just 
before the ganglion was excised. In the three experiments of this type 
no diminution of the ACh. extractable from the stimulated ganglion 
could be detected. 


 Tasiz III. Perfusion with glucose-free Locke’s solution: glucose added before excision 


Final ACh. content of ganglia 


Duration of 


Exp. stimulation ACh, output Stimulated Control. 
no. min. pg. pe. 
q 120 0-42 0-30 0-84 
2 85 Not determined 0-20 0-20 
3 100 0-41 0-28 0-26 
Av. 0-26 0-27 


It seems, therefore, very likely that, in experiments like those of 
Brown & Feldberg [1936], in which prolonged stimulation of the ganglion 
supplied with glucose led to no obvious depletion of the ACh. content, a 


_ real depletion did occur, but was not detected because of the rapid 


synthesis occurring in the brief interval before vital processes in the 
ganglionic tissue could be arrested by the action of the extracting medium, 

The ACh. store of the ganglion, during a long stimulation in the 
absence of glucose, apparently suffers less depletion (50%) than would be 
expected from the almost complete disappearance of ACh. from the 
perfusion fluid. This discrepancy is no doubt due in part to synthesis of 
ACh. in the time unavoidably elapsing between the removal of the 
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ganglion and its complete fixation in trichloroacetic acid. It is also 
pertinent to note that not all of the ACh. of the ganglion is directly 
available for synaptic transmission, since the latter ceases 2-3 days after 
decentralization of the ganglion, when 30-40% of the extractable ACh. 
still remains [MacIntosh, 1938 b], and when the pre-synaptic fibres 
conduct normally over their whole length [Coppée & Bacq, 1938]. It 
seems probable, therefore, that the reduction of ACh. output during a 
prolonged stimulation reflects a proportional diminution in the stock of 
transmitter. Our experiments do not, however, eliminate the possibility 
that the exhaustion phenomenon may be partly due to failure of con- 
duction in the fine terminal ramifications of the preganglionic fibres, 
which, on that supposition, must be credited with a comparatively great 
need for glucose during their activity. 

The effect of other sugars, No improvement in transmission or increase 
of ACh. output followed the addition, to the perfusion fluid supplying 
an exhausted ganglion, of any of the following sugars: fructose, sucrose, 
lactose, arabinose, d-l glyceraldehyde. Mannose, however, exerted a 
marked restorative effect. By determining the quantity of mannose 
required to produce the same peripheral effect as a given dose of glucose, _ 
it was found that it possessed about 60% of the activity of glucose. 
Galactose was similarly found to possess about 5% of the activity of 
glucose: the samples tested were glucose-free.1 A dose of mannose or of 
galactose, which restored transmission to the same degree as a given dose 
of glucose, produced a similar augmentation of the ACh. output. The 
sample of maltose tested was less than 0-5%, as effective as glucose, and 
its effect was very probably due to slight contamination with glucose. 
The restorative effect of glucose was little, if at all, diminished by the 
presence of d-l glyceraldehyde in 0-01 M concentration in the perfusion 
fluid. The latter substance considerably reduced the effect of ACh. on 
the eserinized leech muscle, but did not prevent the usual increase of 
ACh. output produced by glucose, as was shown by comparing samples 
of the perfusate with standard ACh. solutions containing the same 
concentration of the glyceraldehyde. Mann ef al. [1938] found that 
d-l glyceraldehyde inhibited ACh. formation by minced brain tissue in 
the presence of glucose. At this point our results on the ganglion are at 
variance with theirs on brain; for all other substances tested by us both 
our findings agree. 

The effect of other substances. In view of the finding of Mann et al. 
[1938] that lactic acid and pyruvic acid are active in promoting ACh. 
* We are indebted to Dr H. 8. King for a sample of pure galactose. 
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synthesis by brain tissue im vitro, we have in several experiments testéd 
their action on the fatigued ganglion. Both substances, in the form of 
their sodium salts, regularly gave positive results, the activity of each, 
weight for weight, being rather less than one-half that of glucose. The 


effectiveness of each in increasing the ACh. output of the fatigued ganglion _ 


was likewise less, in approximately the same ratio, than that of glucose. 
Fig. 4 illustrates the effect of sodium pyruvate in restoring transmission 
and increasing ACh. output when applied to a fatigued ganglion. As 


Stim, Na Pyr. 


Minto 
Fig. 4. Perfusion of ganglion with glucose-free Locke’s solution containing eserine. 
Response of nictitating membrane (upper curve) and output of ACh. (lower curve) 
during continuous preganglionic stimulation commencing at Stim. and continuing to 
the end of the record. Na Pyr. injection of 0-2 c.c. of 18% sodium pyruvate solution, 
producing temporary increase of both peripheral response and ACh. output. 


with glucose, neither lactate nor pyruvate produces any detectable effect 
unless the ganglion has been fatigued by a prolonged preganglionic 
stimulation. 


The following substances have also been tested: Na acetate and Na 


acetoacetate, the latter being suggested by the experiments of the 
Stedmans [1937] as an esterifying agent for choline; Na succinate, since 
it is vigorously oxidized by the respiratory enzymes of brain and nerve; 
Mg (as Mg(l,), PO, (as sodium phosphate buffer), ascorbic acid, and 
aneurin, as possible coenzymes for ACh. synthesis; acetaldehyde, as a 
possible intermediary between pyruvic acid and (activated) acetic acid; 
and adrenaline. None of these substances, however, had any restorative 
eff ect. 
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‘ Latent period of the restorative effect. .We have made a number of — 
determinations of the period elapsing between the injection, into the 
perfusion stream close to the ganglion, of substances exerting the 
restorative action, and the beginning of improved conduction, as indi- 
cated by the rise of the lever attached to the nictitating membrane. 
These determinations have given regularly repeatable results, although 
their significance is not clear. The latent period of the response to a 
given substance diminishes to some extent with increase of the quantity 
injected; it also tends to become larger as the period of fatigue by pre- 
ganglionic stimulation is prolonged. The latent period for the action of 
ACh. and KCl, however, in contrast to that of substances which restore — 
transmission, remains very constant at all stages of the experiment. By 
successive injections of different substances under comparable conditions, 
in doses which produce approximately equivalent improvements of 
peripheral response, it is possible, however, to detect regular differences 
in the latency of their actions. The restorative effect of glucose takes 
4-8 sec. longer to develop than that of pyruvate or lactate, which have 
nearly identical latent periods. The latent period of galactose, on the 
other hand, is regularly about 5 sec. longer than that of glucose in equi- 
potent dosage; and this difference is still seen when the glucose is so 
mixed with an inert sugar (arabinose) as to keep the molar concentration 
of total sugar the same in the two solutions. These findings show that 
lactate and pyruvate do not act by being converted into glucose; they 
leave open the possibility, though they do not, of course, prove, that 
glucose may act after conversion into lactate or pyruvate, or galactose 
after conversion into glucose. Such a conception, however, would leave 
- unexplained the fact that the action of glucose, though slower in onset, 
is about twice as powerful as that of lactate or pyruvate. In one experi- 
ment, the latent periods for the restorative effects of glucose and 
pyruvate were materially shortened by adding eserine to the perfusion 


fluid. 
Perfusion with Locke’s solution containing glucose 

The fall of transmission and of ACh. outputs in such experiments, 
like the more rapid and severe reduction seen in experiments where the 
perfusion fluid contains no glucose, is very probably due to depletion of 
the ganglion’s store of ACh. Perfusion of the ganglion therefore, even 
when the fluid is normal Locke’s solution with glucose, affords less 
favourable conditions for ACh. synthesis than those obtained with 
retention of the natural blood supply; for in the latter circumstances the 
ganglion shows great resistance to fatigue by preganglionic stimulation. 


& 
a 
‘A 
¢ 


ACETYLCHOLINE SYNTHESIS IN GANGLION 289 


We have therefore tested some of the components of blood, not con- 
tained in Locke’s solution, to see whether they restored transmission and 
increased ACh. output in the ganglion perfused with normal Locke’s 
solution. 

Brown & Feldberg [1936] observed that the addition of minute 
quantities of whole blood, to the fluid perfusing a ganglion which had 
been fatigued by prolonged preganglionic stimulation, produced a 
partial restoration of the peripheral response, with increase of the ACh. 
concentration of the venous effluent. We have repeated their experiments, 
and have regularly obtained the same effect by the injection into the 
perfusion cannula of such small quantities as 0-01 c.c. of whole blood. 
The heparinized plasma obtained from the same blood was, however, 
quite inactive, even in twenty times this volume. Since the restorative 
effect of blood was accompanied by no change in the temperature or rate 
of flow of the perfusion fluid, it must have been due to improved oxygena- 
tion of the ganglion, which thus suffers some degree of anoxia when 
perfused with plain Locke’s solution. Brown & Feldberg have already 
suggested that blood exerts its beneficial effect on ganglionic trans- 
mission through a facilitation of ACh. synthesis. It may now be further 
suggested that the factor involved is the QO, tension of the ganglion, 
especially as Mann et al. [1938] have shown that ACh. synthesis by 
brain tissue occurs only under aerobic conditions. 

Brown & Feldberg [1936] observed, further, that the addition of 
choline to the fluid perfusing a fatigued ganglion may, in a proportion of 
experiments, produce a restorative effect very similar to that produced 
by blood. We have not repeated these experiments, but we have tested 
the effects of certain other substances, which might be regarded as 
. possible precursors of ACh. or as coenzymes for its synthesis, and which 
might be washed out of the ganglion by a prolonged perfusion with the 
glucose-containing Locke’s solution. Those tested were Mg (as MgC\,), 
phosphate (as Na,HPO,-NaH,PO, buffer mixture), vitamin B,, gluta- 
thione, ascorbic acid, and pyruvic acid. Solutions of these (neutralized 
where necessary) were injected into the perfusion stream through the 
arterial cannula. In no case was an appreciable restorative effect ob- 
served. Likewise, injection of a saline extract of the ganglion of the 
opposite side, which had not been perfused or stimulated, failed to | 
improve conduction in the fatigued ganglion. Raising the concentration 
of glucose in the perfusion fluid above the level of 0-1% present during 
the fatiguing stimulation, by injecting small quantities of isotonic 
(5-6 %) glucose solution, was equally ineffective in restoring transmission. 
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"A ganglion retaining its natural blood supply still conducts normally 
after several hours of stimulation: it discharges much less ACh. than a 
perfused ganglion, however, even when massive doses of eserine are 
given [cf. MacIntosh, 1938 a]. The greater susceptibility to fatigue of 
the perfused ganglion, even when glucose is present, is, we consider, due 
in the first place to more rapid loss of ACh., and in the second place to 
less adequate replacement of the lost ACh., the inadequacy being due, in 
turn, to partial anoxia and, in some cases apparently, to depletion of the 
choline which serves as raw material for the synthesis of ACh. It is 
possible that still other factors are involved. | 


Discussion 

These experiments indicate that the failure of the perfused ganglion 
to transmit impulses during a prolonged stimulation is due to its limited 
ability to synthesize ACh. Other conditions being the same, the ganglion 
can synthesize more ACh. when the fluid perfusing it contains glucose, 
and correspondingly, a ganglion so perfused maintains conduction during 
a longer stimulation than one which is not supplied with glucose. The 
early failure of transmission which appears in the latter case can be 
removed by glucose, the improvement being associated with an increase 
in the output of ACh. Small variations in the ability of the ganglion to 
conduct impulses, as indicated by the r ponse of the nictitating mem- 


brane, are naturally more easily detected than variations of the same _ 


order in the rate at which ACh.\is discharged. We have thus observed 
that, in the fatigued ganglion, small improvements in transmission, e.g. 
those produced by doses of less than 50 yg. of glucose, may be accom- 
panied by no recognizable increase in the ACh. concentration ef the fluid 
issuing from the ganglion. On the other hand, we have never failed to 
observe an increased output of ACh. when a greater improvement in 
transmission was produced by a larger dose of glucose; and conversely, 
we have never observed increased discharge of ACh. from the ganglion 
without a pronounced augmentation of the peripheral response to pre- 
ganglionic stimulation. Moreover, apart from the inevitable deterioration - 
of the ganglion when perfusion is too far prolonged, a given improvement 
in transmission, in any one experiment, is associated with the same 
increase in the output of ACh., no matter whether the effect is due to 
glucose, mannose, galactose, lactate, or pyruvate. It is clear that these 
results are easily explained by the theory that ACh. is the chemical 
transmitter at sympathetic synapses. It seems equally clear that they 
find no ready explanation on the basis of hypotheses which postulate 
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mechanisms for synaptic transmission independent of the liberation of 
_ ACh., and explain this latter as due to changes unconcerned with the 
transmission. — 

Our findings show a striking correlation with those obtained by 
Quastel et al. [1936] and Mann et al. [1938] in their investigation of the 
conditions governing ACh. synthesis by brain tissue in vitro, Thus we 
find, like them, that ACh. synthesis is promoted by glucose, lactate, or 
pyruvate, but not by acetate, acetoacetate,! or succinate. We agree also 
in finding that the synthesis is unaffected by eserine, but is diminished 
by lack of oxygen. It may also be recalled that choline, under suitable 
conditions, promotes ACh. synthesis both in the stimulated ganglion 
[Brown & Feldberg, 1936] and in minced brain tissue [Mann e¢ al., 1938]. 
There seems little reason to doubt that we have, in fact, been studying in 
the living and functional ganglion the same process as that studied by 
Mann et al. on brain substance in vitro. 

Our experiments give little information about the actual mechanism 
of ACh. synthesis, or about the part played in this by glucose and other 
substances. The available choline of the tissue is doubtless used: but 
there is nothing to show whether this directly reacts with some product 
of carbohydrate metabolism, or whether oxidation of glucose, etc., 
makes the synthesis possible simply by releasing the required energy. 

Stedman & Stedman [1937] and Mann et al. [1938] have considered 
the possibility that pyruvate may take part directly in the esterification 
of choline. Our finding that the latent period of the restorative effect is 
shorter for pyruvate than for glucose would fit this hypothesis; on the 
other hand, our observation that pyruvic acid is less effective, weight for 
weight, than glucose, could not be explained on this supposition alone. 
The failure of d-l glyceraldehyde to prevent the restorative action of 
glucose suggests that the latter does not depend on a non-phosphory- 
lating glycolysis of the sort predominating in brain tissue. 

The finding that mannose is almost as effective as glucose in restoring 
transmission is in line with the fact that tissues generally utilize it nearly 
as well as glucose; mannose, for example, is the only sugar which relieves 
hypoglycaemic symptoms, produced by insulin, almost as effectively as 
glucose. It is of interest to note that fructose has no restorative action 
on the fatigued ganglion, a.u that the action of galactose, though 
definite, is relatively weak. 


1 The Stedmans [1937], who studied the ACh. metabolism of brain tissue in the presence 
of chloroform, observed an increase of ACh. yield with addition of acetoacetate to the 
mixture. It will be noted that this substance produced no effect in our experiments. 
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One other point should be mentioned. The ACh. content of the 
ganglion is not changed by simple perfusion, either with normal or 
glucose-free Locke’s solution; and if it has been depleted by stimulation 
a few minutes’ rest in the presence of glucose restores it to its original 
level. Beyond this level, however, it does not rise, under the most 
favourable conditions for synthesis. The quantity of ACh. which can be 
- laid down at the preganglionic terminals is thus limited by some factor 
other than the rate at which ACh. can be manufactured there. This other 
factor is, presumably, the available amount of the material with which 
ACh. forms a stable complex; when this is saturated, —" stops. 


SUMMARY 


1. The finding of Brown & Feldberg, that the perfused superior sani 
ganglion can synthesize ACh. during prolonged stimulation, has been 
confirmed; and some of the factors involved in the synthesis have been 
investigated. 
2. Only a limited synthesis can occur when the perfusion fluid con- 
tains only inorganic salts. A ganglion so perfused rapidly fatigues when — 
its preganglionic fibres are stimulated, since its stock of ACh. soon be- 
comes exhausted. : 
3. Fatigue so produced can be removed by the addition to the 
perfusion fluid of glucose, mannose, galactose, lactate or pyruvate. These 
substances promote the synthesis of ACh. The following substances 
are ineffective: fructose, sucrose, lactose, arabinose, d-l glyceraldehyde, 
acetate, acetoacetate, succinate, and acetaldehyde. 

4. When the perfusion fluid contains glucose, fatigue develops very 
slowly with preganglionic stimulation; inadequate ACh. synthesis in this 
case is due, at least in part, to anoxia. 


We should like to express our thanks to Sir Henry Dale for his stimulating interest in 
this work. 
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THE APPARENT AUGMENTATION OF 
PITUITARY ANTIDIURETIC ACTION BY 
VARIOUS RETARDING SUBSTANCES 
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From the Courtauld Institute of Biochemistry, 
Middlesex Hospital, London, W. 1 


(Received 14 April 1939) - 


AnseLMIno & Horrman [1931] reported the presence of postuitary® 
antidiuretic hormone in the blood and Teel & Reid [1939] in the urine 
of eclamptics, though the findings of the former workers have been 
disputed [Byrom & Wilson, 1934; Melville, 1937]. The excretion of the 
hormone in the urine of dehydrated animals seems well established 


_ [Gilman & Goodman, 1937; Ingram, Ladd & Benbow, 1938; Boylston 


& Ivy, 1938]. A patient with symptoms suggestive of postuitary hyper- 
function [Jones, 1938] was shown to have pressor and antidiuretic activity 
in his urine [Noble, Rinderknecht & Williams, 1938]. 

In this paper we wish to draw attention to the objections to quantita- 
tive assays based on the length of antidiuresis following the subcutaneous 


- injection of impure extracts. So far, all the antidiuretic assays quoted, 


with the exception of those of Melville [1937] have been performed with 
subcutaneous injection. It has been shown that the presence of salts 
of certain metals in postuitary extracts may prolong the absorption and 
antidiuretic activity when given subcutaneously [Dodds, Noble, Rinder- 
knecht & Williams, 1937]. This work has been extended and it has been 
found that certain anions, organic compounds and substances extracted 
from blood and urine may have a similar action. 

1 Work done during tenure of Leverhulme Fellowship, Royal College of Physicians. 

* Working with a grant from the Medical Research Council. 

. Throughout this paper the torm postuitery will be used to refer to the posterior lobe 
of the pituitary gland. 
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METHODS 


The postuitary extract (PP) used was made from acetone dried ox 
pituitary posterior lobe by the method of Kamm, Aldrich, Grote, Rowe 
& Bugbee [1928]. Assayed on spinal cats it had an activity of approxi- 
mately 10 pressor units per mg. It was kept in the cold in a solution 
made slightly acid with acetic acid and when required was diluted to 
form a solution containing 10 pg./c.c. either with water or with the 
solution whose augmenting activity was to be tested. 

The antidiuretic test was carried out by the method of Burn [1931]. 
A batch of four adult male rats (average weight about 200 g.) was starved 
overnight and in the morning each rat was given 10 c.c. water by mouth 
and a simultaneous subcutaneous injection of 0-2 c.c. (2 ug. PP) of the 
solution to be tested. The rats were then placed in a metabolism cage 
and the volume of urine excreted was measured every 15 min. When 
the diuresis was completed the measurements were graphed and the 
time elapsing between the administration of the water and the time at 
which half the total volume of urine was excreted was read off. This 
time is referred to throughout as the 50 % excretion time. 


REsvULTsS 


The 50 % excretion time when water alone was given with no simul- 
taneous injection was 87+3°2 min. (standard error of the mean of 25 
determinations). Heller [1937] and Boylston & Ivy [1938] gave corre- 
sponding values of 86 + 11 and 87 + 2-8 respectively. When the postuitary 
extract PP was injected alone the 50% excretion time was 134+ 2-2 
(85 tests), but when combined with the augmentor substances this figure 
was higher. The standard deviation of the individual observations in the 
two cases was 16 min. and 20 min. respectively. — 
Metallic ions 

The 50 % excretion times when the postuitary extract was injected 
in solutions of various metallic salts are given in Table I. Consideration 
of the results obtained showed that the metals could be roughly divided 
into four groups. The first group were diuretic by themselves and so 
overrode the antidiuretic action of the injected PP. These metals were 
palladium, mercury, silver, gold and uranium. The second and largest 
group comprised those metals which either had no prolonging action or 
whose action gave a 50 % excretion time differing by less than 40 min. 
(twice the standard deviation) from that given by PP alone. Such a 
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degree of prolongation could not be regard: as significant. The third 
group comprising trivalent iron, cobalt an: manganese gave definite 
augmentation but only in the comparatively high concentration of 4 %o: 
(This concentration was adopted for the initial tests as control experi- 
ments with injections of sodium chloride solutions showed that solutions 
with higher concentrations exerted an antidiuretic action by themselves, 
presumably caused by the hypertonicity of the injection.) With the 
third group, however, a very marked degree of augmentation was found. 
The metals concerned were zinc, nickel, and cadmium. In the table is 
given, for purposes of comparison, the dose of PP that would be required — 
by itself to produce such an antidiuretic effect. It can be seen that the 
augmentation with 1 %, zinc or nickel acetate was equivalent to a twenty- 
fold increase in the dosage of PP. In the case of cadmium such an increase 
was obtained with as low a concentration as 0-1 %. These prolonged 
50% excretion times could only be judged approximately, since the 


Taste I. Augmentation of pituitary antidiuresis by metallic salts 


Approx. dose 
50 % excre- to uce 
tion time anti- 
Group Injection (min.) diuresis (ug.) 
(No injection—water alone) 87 
2 wg. PP +Palladium chloride 4 53 — 
Mercuric acetate 4 60 
ae Silver lactate 4 73 one, 
» Gold chloride 4 84 
Uranyl acetate 4 103 
2 PP alone) 134 
” us 8 a 116 — 
»  Titanous chloride 4 122 — 
» Sodium alum 4% 132 2 
» Chromium trichloride 4 139 ao 
pe Stannous chloride 4 146 3 
» iron alum q 150 
oe Lead acetate 4 155 4 
» Calcium chloride 4 161 _ 
ae Thorium chloride 4 162 5 
» Copper sulphate 4 171 an 
ium 4 173 = 
3 am Ferric chloride 4 187 12 
» Cobalt 4 15 
Manganese chloride 4 — 
99 
»  Dialysed iron 230 25 
4 » Zine acetate 0-1 260 30 
9? ” 1-0 370 40 
» Nickel acetate 002% 133 2 
” ” 0-1 233 24 
10 360 40 
» Cadmium acetate 0-01 190 13 
” ee 0-1 300 35 
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diuresis was not completed in the 8-10 hr. that the experiment was 
followed. 

Control experiments in which the PP and augmentor substances were 
given in different sites produced no prolongation neither did the metallic 
solutions by themselves have any antidiuretic effect. (It should be 
mentioned that nickel and cadmium acetates in a concentration of 5 % 
were toxic and did have antidiuretic action. The animals so injected 
usually died. With concentrations of 1% and below there were no 
antidiuretic effects and the animals survived.) ? 


Organic substances and anions 
_ Apart from the metallic ions above, some organic substances (gelatine, 
various protamines and amino-acids) were found to have augmenting 
activity. Some were insoluble and were consequently given in suspension. 
The different mode of augmentation brought into play by such procedure 
will be discussed below. The results are recorded in Table II. 


Taste II. Augmentation of pituitary antidiuresis by organic solutions and anions 


Concentration 50 % excretion 
Substance % Condition time (min.) 

Salmine 10 Suspension 198. 
2-5 Suspension 267 
5-0 Suspension 230 
10-0 Suspension 199 
Clupeine 2-5 Suspension 245 
5-0 Suspension 273 
Glutamic acid 1-0 Solution 178 
3 5-0 Solution 210 
10-0 ution 211 
15-0 Solution 253 
Arginine 1-0 Solution 230 
2-5 i 221 
5-0 Solution 222 
Tyrosine 1-0 Suspension 159 
2-5 Suspension 209 
5-0 Suspension 163 
Gelatine 1-0 Suspension | 189 
Potassium 0-1 Solutio: : 
‘de n 195 
1-0 Solution 257 
2-5 tion 257 
Sodium citrate | 1-0 Solution 184 
Sodium nitrite 2-0 Solution 216 
Sodium cyanate 1-0 Solution 190 

2 pg. PP alone 134 +20 


Also in this table are given the results obtained with certain metallic 
salts whose action must be due to the anions present since the sodium 
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and potassium ions when combined with acetate or chloride had no 
augmenting action. These salts were soluble; the most active was ferro- 
cyanide. 

It can be seen from the table that the action of these substances was 
not so pronounced as that of the three most active metals. Also there 
was a tendency for the augmentation to reach a maximum and not to 
vary very greatly with increasing concentration. In fact, in the cases 
of salmine and tyrosine, increasing the concentration beyond a certain 
value produced a decrease in augmentation. 


Extraction of prolonging substances from blood and urine 

Salicylsulphonic acid precipitation has been used as a method for 
the extraction of gonadotrophic material from pregnant mare serum 
[Rinderknecht, Noble & Williams, 1939]. This procedure precipitated 
most of the serum proteins while leaving the hormone complex in the 
supernatant fluid. An attempt was made to adapt this method to the 
extraction of added PP from blood. Preliminary experiments showed the 
PP to be extracted together with the augmentor substances, since there 
was @ more than 100 % recovery when assayed by the antidiuretic test. 

The treatment was as follows: 40 c.c. of horse blood were diluted 
to 80 c.c. with distilled water and precipitated with 5 c.c. of 33-3 % 
salicylsulphonic acid. The precipitate was removed after centrifugation, 
washed with 40 c.c. of water and centrifuged again. The combined super- 
natants were concentrated to 20 c.c. and dialysed for 48 hr., centrifuged 
free from insoluble material and concentrated to a small volume. This 
final product when injected with 2 wg. PP gave a prolonged antidiuresis 
(B 5a) though by itself it had no antidiuretic action. In another experi- 
ment 40 c.c. of horse serum were similarly treated and the final volume 
evaporated to dryness. A brown powder weighing 50 mg. was obtained. 
This product in a concentration of 6 mg. (roughly equivalent to 5 c.c. 
serum) in 1 c.c. also gave augmentation (B 11a) while its ash did not 
(B 11g), suggesting that the augmentation was due to the organic content. 
These results are given in Table III. 

Other active augmentors derived from blood and tissues were the 
salicylsulphonic acid precipitate from horse serum which was very active 
(BP 1) particularly as a suspension (BP 2) and a hydrochloric acid hydro- 
lysate of lean beef (MH 1). Horse serum itself had prolonging action. 

The extraction of postuitary hormones from urine may also be effected 
by simultaneous extraction of augmentor substances. It has been shown 
[Noble e¢ al. 1938] that extracts from the urine of a patient with symptoms 
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suggestive of postuitary hyperfunction contained antidiuretic and pressor 
factors, the antidiuretic potency, however, being greater than the pressor. 
(This discrepancy was most easily explained by the augmentation in 
the antidiuretic assay.) This extract was made by a not very successful 
method depending on the process of Kamm et al. [1928] for the extraction 
of posterior pituitary glands. A method for the extraction of hormones 
from urine (British Patent No. 454,778 (15 May 1936)) has been used 
in slightly modified form for the extraction of postuitary hormones from 
urine. 

Method of extraction. To 100c.c. of urine adjusted to pH 5, 1 c.c. of 
2N zinc sulphate was added. 1-125 .c. of 2N K,Fe(CN), were then added 
drop by drop with vigorous stirring. After cooling in the ice-chest the — 
supernatant was decanted and the remaining mixture centrifuged. The 
precipitate was extracted subsequently with three 25 c.c. portions of 
80 % alcohol containing 1% ammonia. A clear extract was obtained 
which was evaporated to a small volume im vacuo at 15°. The resultant 
solution was acidified and had a deep brown colour. Further purification 
could be effected by removal of some of the contaminants by precipitation 
with 10 volumes of absolute alcohol. This procedure effected a 70-90 °/ 
recovery as measured by pressor tests on spinal cat. Amounts of 
postuitary extract as small as one unit per litre could be recovered and 
as a routine the final product was evaporated to 1 % of the volume of 
the original urine. 

When a known amount of pituitary principle was added to urine and 
this method of extraction used it was found that the antidiuretic assay 
showed a yield of more than 100 %. Evidently augmentor substances 
had been extracted as well. (Urine N in Table III is the extract from 


TaB_e III. Augmentation of pituitary antidiuresis by substances 
extracted from blood, urine and tissues 


Equivalent 
Concen- dose 50% 
tration i excretion 
Extract % Dose ma time 
— 2 wg. PP alone 134 
Horse blood B5a ca. 1 0-5 c.c. +2 pg. PP 4 c.c. 236 
Horse blood B 5a ca. 1 0-5 c.c. alone 4 cc. 97 
Horse serum Blla 0-6 0-2 c.c. +2 pg. PP 1 c.c. 195 
Horse serum Blilg 0-4 c.c.+2 pg. PP 1 cc. 155 
Horse serum BP 1 1-25 0-4 c.c. +2 pg. PP a 205 
Horse serum BP 2 1-25 0-4 c.c. +2 pg. PP os 260 
Horse serum — — 0-4 c.c.+2 ug. PP 0-4 c.c. 203 
beef MH 1 2-5 0-4 c.c. +2 yg. PP 0-01 g. 216 
Human urine N — 0-2 c.c. +2 ug. PP 2 c.c. 
Human urine N — 


0-2 c.c. alone 
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a normal sample. By itself it had no antidiuretic activity but when 
injected with 2 ug. PP there was definite prolongation.) This finding 
suggests that the figures given for the excretion of antidiuretic hormone 
following dehydration [Gilman & Goodman, 1937; Boylston & Ivy, 1938] 
or hypertonic saline ingestion [Bundschuh & Kuschinsky, 1939] may be 


exaggerated. 
Discussion 


The activity of zinc and nickel in secldneing the hypoglycaemic 
effects of insulin were reported by Scott & Fisher [1935]. Since that date 
the prolonging action of zinc has been shown to apply to gonadotrophic 
hormones [Fevold, Hisaw & Greep, 1936], diphtheria antitoxin [Rosenthal 
& Kamlet, 1937], histamine [Dodds e¢ al. 1937], and adrenaline [Schwab, 
1937]. The activity of organic substances in this respect is also marked. 
Protamine [Hagedorn, Jensen, Krarup & Wodstrup, 1936], gelatine 
[Broun & Schwab, 1937] and tannic acid [Broom & Bavin, 1937] all 
prolong the action of insulin, while benzoic acid enhances the effect of 
oestradiol [Emmens, 1939] and fatty acids the effects of testosterone 
[Parkes, 1936]. It is obvious from the diversity of substances augmented 
that the action is not specific to any one injected substance and the 
most likely explanation of the augmentation is a delay in the absorption 
from the site of injection. None of the above effects are obtained when 
the augmentor and augmented substances are injected in different sites 
or given together intravenously. In the case of pituitary antidiuretic 
hormone it has been found that various degrees of activity were obtained 
when the same dose of postuitary extract was given in different volumes; 
whereas 2 yg. PP injected in 0-2 c.c. gave a 50% excretion time of 
122 min., while if contained in 1-0 c.c. the time was 177 min. To explain 
this augmentation it must be assumed that the slower permeation, due 
to the lower concentration and to the wider distribution of the vaso- 
constriction owing to the larger volume, outweighs the greater local 
vasoconstriction caused by the higher concentration in the smaller 
volume. 

The delay in absorption may be caused by two factors. The cnanaiatinin 
substances may act directly on the tissues at the injection site rendering 
them relatively impermeable or the postuitary extract may be adsorbed 
on to the augmenting substance if the latter is injected in suspension. 
These two factors are illustrated by .a series of experiments | with zinc 
in various forms. Zinc acetate solution 0-1 % with PP gives a 50% 
excretion time of 268 min., while the same concentration of insoluble 
zine carbonate hardly prolongs at all (167 min.). The same concentration 
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of insoluble zinc ferrocyanide, which we know from the urine extraction 
method adsorbs the antidiuretic principle, gives a prolongation with 
a 50 % excretion time of 212 min. This shows that in the case of zinc the 
delayed adsorption is primarily due to a direct action on the tissues. 

Increasing the concentration of the soluble augmentors generally gives 
a limit to the prolongation obtained but since the higher concentrations 
have an antidiuretic action by themselves, presumably due to their 
hypertonicity, the results become difficult to assess. With the augmentors 
given in suspension (salmine and tyrosine) increasing the concentration 
reduced the prolonging activity. This was presumably due to the absorp- 
tion being so delayed that the hormone hardly acted at all. Similar 
effects were reported for the augmentation of insulin by Bavin & Broom 
[1937]. The practical conclusions to be derived from these results are 
that any assay of the antidiuretic potency of an impure extract by 
subcutaneous injection cannot be regarded as quantitatively exact. 

The addition of augmenting substances to an extract containing 
only a small amount of antidiuretic activity makes it possible to increase 
the qualitative sensitivity of the test. Such an example is ceinenaerated 
by @ series of experiments recorded in Table IV. 


50 % excretion time with 
PP +5 % Zn 
Dose of PP PP alone acetate 
peg. min. min. 
2-0 34 ii 
0-5 97 173 
0-2 «84 124 
0-04 — 142 
0-02 88 
0-00 87 


It is seen that the minimal effective dose of PP given alone was greater 
than 0-5 yg. but the addition of 5 % zinc acetate increased the sensitivity 
of the test more than ten times. Also it is obvious that an assay under 
these conditions cannot be quantitatively accurate since with added 
zine 0-04 yg. of PP caused a longer antidiuretic effect than 0-5 yg. of 
PP alone. 

Finally it may be said that the results recorded above seem to indicate 
that biological assay of any impure substance by subcutaneous injection 
may be open to the same objections. A particularly misleading con- 
clusion may be drawn from a decreased assayed potency which may be 
given by what is — a purer product, but free of augmenting substance. 


‘a 
Me 
‘a 
a 
a 
a 
F 
“al 
s 


AUGMENTATION OF PITUITARY ANTIDIURESIS. 301 


SUMMARY 
Various cations, anions, and organic substances when added to 


posterior pituitary extract, prolonged the antidiuresis obtained by sub- 
cutaneous injection. 


The most active substances were zinc, nickel, cadmium and ferro- 
cyanide. 

When posterior pituitary principles were extracted from blood and 
urine and tested by the antidiuretic assay, an apparently greater than 
100 % recovery was obtained owing to the presence of such augmenting 
substances. Similarly the addition of such augmenting substances made 
it possible to increase the sensitivity of the qualitative test for anti- 
diuretic hormone. | 

The augmentation was presumably due to delayed absorption from 
the injection site. 

A method of extracting posterior pituitary principles from large 


volumes of urine is described. 


We are grateful to Messrs Boots Pure Drug Co., Ltd., for supplies of salmine and 
clupeine and to Prof. E. C. Dodds for his interest and criticism. 
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Our previous studies [Schweitzer & Wright, 1937c, d, e, 19384] on the 
action of various autonomic drugs on the central nervous system of the 
cat have led to the following main conclusions. (1) Acetylcholine and 
certain other more stable choline esters (doryl, mecholin) have a direct 
inhibitory action on the spinal cord. (2) Prostigmine and certain other 
anticholinesterases such as methyl carbamic ester of m-hydroxypheny]- 
trimethyl ammonium iodide (Stedman’s “meta” methiodide compound), 
methyl carbamic ester of m-hydroxyphenyl trimethyl ammonium methy] 
sulphate (substance 13), and methyl phenyl carbamic ester of m-hydroxy- 
pheny] trimethyl ammonium methyl sulphate (substance 36),! also exert 
a direct inhibitory action on the spinal cord. In experiments on man, 
Kremer, Pearson & Wright [1937] found that prostigmine injected into 
the lumbar spinal fluid diminished or abolished normal or pathologically 
increased muscle tone and spinal reflexes by a direct action on the spinal 
cord. We suggested that the central inhibitory action of this group of 
substances was related to their anticholinesterase activity which Stedman 
[1926] has shown to be due to the presence in the molecule of the urethane 
grouping. (3) The action of the best known of the anticholinesterases, 
namely, eserine sulphate, differed radically from that of the other 
members of the group mentioned above. The main action of eserine 
sulphate on the spinal cord is excitatory, leading to an increase in reflex 
activity and the production of convulsions. It was noted, however, 
that an initial inhibitory effect might precede the characteristic onaial 
lating action. 


By ALFRED SCHWEITZER, EDGAR STEDMAN © ; 
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To explain these apparently conflicting results we initially put forward 
[Schweitzer & Wright, 1937c] the following tentative suggestion. The 
anticholinesterases of the prostigmine group acted on the spinal cord by — 
inhibiting the cholinesterase which is present in the central nervous 
system. These substances thus act qualitatively like injected acetyl- 
choline, and depress spinal reflexes. The chemical composition of eserine, 


_. however, differs considerably from that of the other known anticholin- 


esterases. We thought that the exceptional action of eserine sulphate, 
which caused an increase of the patellar reflex and convulsions, might 
be attributed to the presence in the molecule of two groupings with 
antagonistic pharmacological actions: (1) the urethane anticholinesterase 
group to which we ascribed the initial inhibitory action of the drug, 
and (2) an unidentified (hypothetical) convulsant group which antagonized 
and usually overcame the inhibitory action of the former, thus giving. 
rise to increased reflex activity and convulsions. 

Further experiments [Schweitzer & Wright, 1938a], however, indi- 
cated that this hypothesis was inadequate to explain the difference 
between the action of eserine sulphate and the other anticholinesterases 
that had been studied. We examined the action of two further substances, 
namely, the dimethyl carbamic ester of hordenine hydrochloride and 
the dimethyl carbamic ester of hordenine methiodide (or methyl] sulphate). 
These compounds have an identical anticholinesterase action in vitro 
[Stedman, unpublished results] and an identical action, qualitatively and 
probably quantitatively, on the mammalian nerve-muscle preparation 
and on the circulation. The first compound was proved to have a central 
convulsant action like eserine sulphate, and the second a central inhibitory 
action like prostigmine. These results have since been confirmed by 
Briscoe [1938]. The formulae of eserine base and of the dimethy] carbamic 
ester of hordenine HCl are set out below for comparison: 


VA 
CH,NH.CO.0 
H,.CH,.N(CH,),, HC! 
.-CH,. 
| Dimethyl carbamic ester of 
CH, hordenine hydrochloride 
(Substance 41) 


The main structural feature common to the two substances is the urethane 
grouping attached to the benzene ring. The complex ring system of 
eserine is absent in the convulsant hordenine derivative. When the 
urethane anticholinesterase grouping was removed from the dimethyl 
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carbamic ester of hordenine hydrochloride to leave hordenine hydro- 
chloride, the convulsant action of the drug disappeared. It seemed to us, 
therefore, more probable that members of the anticholinesterase group 
of drugs, by virtue of their anticholinesterase activity, might produce 
diametrically opposite actions on the spinal cord: eserine sulphate and 
the dimethyl carbamic ester of hordenine hydrochloride being convulsant, 
while prostigmine, substances 13 and 36, and the dimethyl carbamic 
ester of hordenine methiodide are depressant. We have made a more 


extensive examination of the actions of a number of other anticholin- 


esterases and related substances to test this hypothesis more thoroughly. 
Some of the results to be described below have been the subject of 

preliminary communications (Schweitzer, Stedman & Wright, 1938; 
& Wright, 1938c]. 


METHODS 


The experiments were performed on cats under chloralose anaeathesis 
(0-05-0-08 g./kg. body weight). The hindlimbs were firmly fixed in 
clamps by means of drills through the femur and ischial tuberosity. 
The right patellar reflex was recorded as follows. The limb was flexed 
at the knee joint and the patellar tendon was regularly tapped at the 
same place at intervals of 6 or 10 sec. with an electrically operated 
automatic hammer which has previously been fully described [Schweitzer 
& Wright, 1937a]. The extension movements of the limb were recorded 
on smoked paper by means of a tension lever myograph. In the left 
limb the response of the gastrocnemius muscle to submaximal or maximal 
break-shock stimulation of its motor nerve was recorded with another 
tension lever myograph. The nerve was stimulated with a fluid electrode 
of the type described by Collison [1933] at the same rate as the knee 
jerk was elicited. In some instances, when the patellar reflex was feeble 
because of the depth of anaesthesia or for other reasons, strychnine 
in doses of 0-05-0-1 mg./kg. body weight was injected into the jugular 
vein to raise the reflex excitability of the spinal cord. 

To determine the extent to which the drugs under examination pro- 
duced their effects by a peripheral action on the motor nerve or the 
skeletal muscle, or by an effect on the’ central nervous system, we used 
the ischaemic hindlimb technique which has previously been fully 
described [Schweitzer & Wright, 1937d,e]. The abdominal aorta and 
the inferior vena cava were exposed, and all branches of the aorta below 


the diaphragm, with the exception of both common iliacs, were carefully — 


dissected out and cut between ligatures. The internal mammary arteries 
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were tied on both sides in the second intercostal space. In many experi- 

ments a T section was made at a high lumbar level through both sides 
of the abdominal wall down to the muscles of the back. We have pre- 
viously demonstrated that obstruction of the abdominal aorta and the 
inferior vena cava with rubber-protected strong clamps prevents, under 
these experimental conditions, any significant amount of blood from 
reaching the hindlimbs. A control period of ischaemia of 5-10 min. 
usually showed that the force of contraction of the knee jerk and of 
the gastrocnemius of the opposite side was little changed. The clamps 
were then removed from the vessels and time was allowed for recovery. 
The aorta and inferior vena cava were clamped again, and the drug 


under examination was then injected into the jugular vein. Any changes 


in reflex activity caused by such an injection during the period of 
ischaemia cannot be attributed to a peripheral action of the substance 
on the nerve and muscle, but must be due to an effect on the central . 
nervous system. The response of the gastrocnemius muscle to motor-nerve 
stimulation during the period of ischaemia served as an additional 
safeguard for the strict control of the ischaemia, as any leakage into 
the hindlimbs of the intrajugularly injected drugs with a considerable 
peripheral action would have been immediately detected. 

Many of the experiments referred to below were carried out in 
atropinized cats in order to exclude the depressant actions of the drugs 
on the cardio-vascular system and to allow larger doses of the drug 
to be given. Atropine was given in doses sufficient to block the trans- 
mission of parasympathetic impulses (0-5-1-0 mg./kg. body weight). All 
injections were made, in equal volumes of fluid, into the jugular vein. 
The drugs were dissolved in acid saline at pH 4-0.. Artificial respiration 
by means of a pump was used in most of the experiments in order to 
avoid any asphyxiation of the animals from the seem action on 
breathing of many of the substances tested. _ 


RESULTS 
Action of eseroline hydrochloride 
Our original theory, that the seemingly exceptional central action 
of eserine sulphate is due to a conflict between a special convulsant 
grouping and a depressant (anticholinesterase) grouping, can be tested 
by examining the pharmacological actions of eseroline hydrochloride. 
Eseroline is the substance derived from eserine by the removal of the 
urethane grouping, which is responsible for practically all the anti- 
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i activity of the substance. Its structural formula is shown 


below: 
CH, 


\AN/ 


Eseroline (base) 


Eseroline has a negligible anticholinesterase activity in vitro. In a con- 
centration of 5x 10-* M, eseroline hydrochloride showed a very small 
effect, but eserine (sulphate) was active in a concentration of 10-* M. If 
our original views are correct, eseroline should have a much greater 
convulsant action than eserine, as the competing urethane grouping, 
which was thought to be responsible for the depressant action on the 
central nervous system, is no longer present. The experimental results 
obtained, however, show that this is not so. 

Intravenous injections of eseroline hydrochloride in doses of 0-5-2 mg. 


have, as a rule, no effect on the knee jerk or on the response of skeletal 
muscle to submaximal or maximal stimulation of its motor nerve. In 
unatropinized animals, doses of 5-20 mg. produce a fall of blood pressure, 
which is usually gradual and progressive and sometimes considerable, 
e.g. from 140 to 60 mm. Hg. Depression of respiration commonly occurs. 
After administration of atropine in doses sufficient to annul the effects 
of stimulation of parasympathetic nerves, injection of similar doses 
(5-20 mg.) of eseroline hydrochloride produces a less marked or negligible 
fall of blood pressure. With these bigger doses the response of the 
nerve-muscle preparation is usually slightly enhanced, the knee jerk 
may be increased in amplitude, and sometimes weak convulsions occur. 
In the experiment from which Fig. 1 is taken, two successive injections 
of 10 mg. of eseroline hydrochloride produced no change in the knee 
jerk but occasional slight convulsive movements. Intravenous injection 
of doses of eseroline hydrochloride of 25-50 mg. inhibits respiration, so 
that artificial respiration is necessary. The knee jerk may be increased 
and definite convulsions appear more regularly, but not invariably. The 
convulsions are usually feeble in character. The convulsions and the 
general increase in reflex activity are due mainly to a direct effect on the 
spinal cord, as is shown by experiments performed on “ischaemic” 
preparations in which the action of the drug on the nerve and muscle 
is excluded. Very many such experiments were performed; Fig. 2 is 


(which, in the case of eserine sulphate, produce-violent convulsions) — 
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Fig. 1. Cat, chloralose. 1 mg. atropine intravenously per kg. body wt. Records from above - 


downward are: knee jerk (right side), contractions of gastrocnemius (left side) stimu- 
lated through its motor nerve, carotid blood pressure, signa line, time in 30 sec. 
Two successive intrajugular injections of 10 mg. each of eseroline hydrochloride 
The neuro-muscular responses are increased. 


Fig. 2. Cat, chloralose. 0-5 mg. atropine per kg. body wt., “ischaemic” preparation. 


Records from above downwards are: knee jerk (right side), contraction of gastroc- 
nemius (left side) stimulated through its motor nerve, carotid blood pressure, signal 


line, time in 30 sec. At “on” clamp abdominal aorta and inferior vena cava. Note 


temporary abolition of the knee jerk whilst manipulating the intestines and putting 
the clamps in position. At second arrow inject into jugular vein 25 mg. of eseroline 
hydrochloride. The knee jerk increases and convulsions appear. On “off” release 
clamps; some potentiation of neuro-muscular responses occurs, (The convulsive 
movements mechanically modified the record of the gastrocnemius contractions.) 
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taken from the experiment (an atypical one), in which the convulsions were 
most marked. The increase in reflex activity after intrajugular injection of 
25 mg. of eseroline hydrochloride was, however, short-lived, and was 
soon replaced, on restoring the circulation to the hindlimbs, by a con- 
siderable depression, which coincided, however, with the appearance 
_ of peripheral neuro-museular potentiation. 

It must be recalled that doses of eserine sulphate of 1 mg., injected 
under similar conditions, regularly produce striking evidence of central 
excitation. Doses of eseroline hydrochloride, on the other hand, which 
are 25-50 times as great, only produce much feebler and much less 
consistent effects. Thus, the removal of the anticholinesterase (urethane) 
grouping from eserine sulphate, far from enhancing its convulsant action, 
almost completely abolishes it. It must be concluded, therefore, that 
the convulsant action of eserine 1s associated with the presence of the urethane 
grouping, and probably, therefore, with its specific anticholinesterase 
activity. 
” Difference in action of tertiary and quaternary 
ammonium anticholinesterases 

The pica parasympathomimetic action of the urethanes 
examined in this series of investigations has been shown [Stedman, 1926; 
White & Stedman, 1931] to depend on the presence in the molecule of 
both a urethane and a basic grouping. It appears to be immaterial as 
regards the qualitative peripheral effect whether the basic group is of 
a tertiary or quaternary nature or whether, as in eserine itself, it forms 
part of a heterocyclic ring. When, however, the central action is con- 
cerned, the nature of the basic group seems to be of fundamental 
importance. 

Examination of the structure of the anticholinesterases which have 
been proved to have a central inhibitory action shows that they have 
a structural resemblance to one another in respect of the fact that their 
basic nitrogen atoms are present in the form of quaternary ammonium 
groups. The two convulsant anticholinesterases previously examined 
(eserine sulphate; dimethyl carbamic ester of hordenine hydrochloride) 
resemble one another in being salts of tertiary ammonium bases. 

We have given considerable thought to the question of nomenclature of this group 
of drugs. The use of the term “tertiary ammonium base” is unusual, and “tertiary amine” 


is more customary. It would, of course, be wrong to apply the term “tertiary ammonium 
base”’ to the free tertiary base; but when one is dealing with salts, e.g. 
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and this must 


We examined further members of the anticholinesterase group to 
determine whether this striking difference in constitution bore a regular 
relationship to the difference in their action on the spinal cord. The 
additional tertiary ammonium compounds of the anticholinesterase group 
studied were methyl carbamic ester of m-hydroxypheny! dimethylamine 
hydrochloride (Stedman’s “meta”-hydrochloride compound), miotine 
hydrochloride, and dimethyl carbamic ester of m-hydroxyphenyl 
dimethylamine hydrochloride (Roche liquid, substance 31). The addi- 
tional quaternary ammonium compounds with anticholinesterase activity 
which were examined were eserine methiodide, dimethyl carbamic ester 
of m-hydroxypheny] diethyl methyl ammonium iodide (preparation 3393 
Roche) and miotine methiodide. 


of eserine methiodide 


Eserine methiodide is the quaternary ammonium compound corre- 
sponding to the tertiary ammonium compound eserine sulphate (or 
hydrochloride) which is a powerful convulsant. Eserine methiodide 
has an anticholinesterase action in vitro which is less than that of 
prostigmine or eserine sulphate. The central action of the methiodide 
would form a crucial test of the hypothesis just set out above. The 
results showed that in fact eserine methiodide has a central inhibitory 
action. 

Intravenous injection of 1 mg. of eserine methiodide produces peri- 
pheral potentiation of the response of skeletal muscle to submaximal 
or maximal stimulation of its motor nerve, and also generalized muscular 
twitching. With the onset of this peripheral potentiation, and almost 
certainly because of it, there may be an initial increase in the knee jerk, 
but this is rapidly followed by its decline or disappearance (Fig. 3). 
The blood pressure, in unatropinized animals, shows a slow transient 
fall, and the heart rate is markedly slowed. With larger doses (2 mg.) 
there is a more marked initial fall of blood pressure. Inhibition of the 
knee jerk may persist for 30 min. or longer, though, when recovery 
ultimately sets in, occasional large isolated contractions may occur. In 
atropinized animals changes similar to those just described are produced 
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in the response of the nerve-muscle preparation and the knee jerk, but 
the depressant action on the circulation of small doses of eserine methio- 
dide is annulled, and that of large doses is diminished. 


Fig. 3. Cat, chloralose, no atropine. Records from above downwards are: knee jerk 
(right side), contraction of gastrocnemius (left side) stimulated through its motor 
nerve, carotid blood pressure, time in 30 sec., signal line. At arrow inject into 
jugular vein 1 mg. of eserine methiodide, Patellar reflex abolished after initial 
short-lived increase; increases of the responses of the gastrocnemius to motor-nerve 
stimulation. 


methiodide has a central depressant action. Fig. 4 illustrates this central 
depressant action of eserine methiodide in spite of a previously high 
degree of reflex excitability, while larger doses completely abolished the 


Experiments on the “ischaemic preparation” show that eserine 


knee jerk. As these large doses inhibit breathing, the experiments were 
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_ performed under artificial respiration. Eserine methiodide therefore 


resembles in its central action on the spinal cord the other quaternary 


ammonium anticholinesterases, e.g. prostigmine, and has a diametrically | 


opposite action to that of eserine sulphate. The only obvious difference 
between the methiodide and sulphate of eserine is that the former is 
a quaternary and the latter a tertiary ammonium compound. 


Fig. 4. Cat, light chloralose anaesthesia, 1 mg. atropine per kg. body wt.; “ischaemic” _ 


preparation. Records from above downwards are: knee jerk (right side), contractions 
of gastrocnemius (left side), stimulated through its motor nerve, carotid blood pressure, 
signal line, time in 30 sec. At “on” clamp abdominal aorta and inferior vena cava; 


' at second arrow inject into jugular vein 4 mg. of eserine methiodide. Knee jerk — 


considerably reduced. At “‘off’’ release clamps; marked fibrillary twitchings. Knee 
jerk abolished; potentiation of gastrocnemius contractions. | 


Action of dimethyl carbamic ester of m-hydroxyphenyl drethyl 
methyl ammonium iodide (Preparation 3393 Roche) 


( 


This compound, which is a quaternary ammonium compound, behaves 
like a typical member of the “ prostigmine group”. When doses of 0-2 mg. 
are given intravenously (Fig. 5), there is sustained peripheral potentiation 
of the responses of the gastocnemius to motor nerve stimulation with 
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slight contracture and transient intense fibrillary twitching of the skeletal 
muscles. The knee jerk, after an initial increase which runs parallel with, 
and is presumably due to, the peripheral potentiation, is abolished for 
varying periods of time. The responses to the tap on the patellar tendon 
return gradually and irregularly, with the appearance of occasional large 


Fig. 5. Cat, chloralose, 1 mg. atropine per kg. body wt. Records from above downwards 
are: knee jerk (right side), contraction of gastrocnemius (left side) stimulated through 
its motor nerve, carotid blood pressure, time in 30 sec., signal line. At arrow inject 
into jugular vein 0-2 mg. of substance 3393. Initial short-lived increase in knee jerk, 
coinciding with increase in the responses of the gastrocnemius to motor-nerve stimula- 
tion; knee jerk subsequently abolished; incomplete recovery. 


contractions. In atropinized animals similar alterations in the reflexes Ee 
are obtained without any associated changes in blood pressure. This _ | 
substance readily diminishes or abolishes convulsions produced by 
previous intravenous injection of strychnine (Fig. 6). The convulsions 
subsequently return to their full amplitude, though not to their full 
frequency. By means of experiments on the “ischaemic” preparation | 
it can be readily shown that the depressant effect on the patellar reflex | 
is due to an inhibitory action of the drug on the central nervous system — 


(Fig. 7). | 
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6. | Fig. 7. 


Fig. 6. Cat, chloralose, 0-5 atropine per kg. body wt. Records from above downwards are: 
recorded with Wright's [1934] quantitative method (inspiration do ds), 


knee jerk (right side), contractions of gastrocnemius (left side) stimulated through 
its motor nerve, carotid blood pressure, time in 30 sec. signal line. 0-25 mg. of strychnine 
were intravenously injected in the beginning of the experiment. At arrow inject into 
} the jugular vein 0-25 mg. of substance 3393. Strychnine convulsions and knee jerk 
| are abolished. The responses of the gastrocnemius to motor-nerve stimulation are 
| oe increased. Respiration is initially decreased in rate and amplitude; note, however, | 
| that breathing is increased in rate and amplitude while the knee jerk is absent. 


Fig. 7. Cat, chloralose, 1 mg. atropine per kg. body wt., “ischaemic” preparation. Records 
from above downwards are: knee jerk (right side), contraction of gastrocnemius 
oe (left side) stimulated through its motor nerve, carotid blood pressure, time in 30 sec,, 
; | signal line. At ‘‘on’’ clamp abdominal aorta and inferior vena cava. At second arrow 
f inject into jugular vein 3 mg. of preparation 3393; knee jerk considerably reduced in 
| : size. At “off” release clamps; marked fibrillary twitching and contracture occur, 
knee jerk abolished; gastrocnemius responses to motor-nerve stimulation disappear 

gradually. 
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Action of miotine methvodide 

This quaternary ammonium compound has a strong anticholinesterase 
activity im vitro, and its pharmacological actions in the cat resemble 
qualitatively those produced by other quaternary anticholinesterases, 
e.g. prostigmine. Miotine methiodide was intravenously injected in doses 
of 1-2 mg. into the unatropinized chloralosed cat (Fig. 8). Arterial 


Fig. 8. Cat, chloralose, no atropine. Records from above downwards are: knee jerk 
(right side), contraction of gastrocnemius (left side), stimulated through its motor 
nerve, carotid blood pressure, time in 30 sec., signal line. At arrow inject into jugular 
vein 2 mg. of miotine methiodide. Knee jerk abolished, subsequent recovery; poten- 
tiation of the contractions of the gastrocnemius muscle to motor-nerve stimulation. 
Second part of record taken after interval of 20 min. 


blood pressure is temporarily lowered and the rate of the heart is 
diminished. Marked fibrillary twitchings occur in the skeletal muscles. 
The response of the gastrocnemius muscle to submaximal or maximal 
stimulation. of its motor nerve is potentiated, while the knee jerk is 
depressed or may disappear. Larger doses of the drug depress the re- 
sponses of the skeletal muscle to motor-nerve stimulation. Respiration 
may cease, partly perhaps because of paralysis of the respiratory muscles. 
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The cardio-vascular depression produced by miotine methiodide can, 
at least partially, be prevented by previous atropinization of the animal. 
The actions of the drug on the nerve-muscle preparation and on the 
knee jerk are not, however, influenced by previous injections of atropine. 

As miotine methiodide produces very marked effects on peripheral 
transmission processes, it was again necessary to employ strict pre- 
cautions when the central action was tested. We used our routine 
“ischaemic” technique, thus preventing the drug (on intrajugular injec- 
tion) from reaching the hindlimbs of the animal. It was found that 
intrajugular injection of miotine methiodide, in doses of 5-10 mg., in 
strictly controlled “ischaemic” experiments under artificial respiration, 
depresses or abolishes the knee jerk. The nerve-muscle preparation on 
the contralateral side, which served as additional evidence that ischaemia 
was complete, did not show any alterations in its responses. On restoring 
the circulation to the hindlimbs, violent fibrillary twitching occurred 
in the muscles of both legs, and the responses of the gastrocnemius to 
motor-nerve stimulation were markedly depressed after an initial short- 
lived increase, Recovery set in slowly. 

We conelude, therefore, that the depression of the knee jerk produced 
by intrajugular injections of miotine methiodide is partly due to an 
inhibitory action on the central nervous system. 


Action of methyl carbamic ester of m-hydroxryphenyl dimethyl ammonium 
hydrochloride (Stedman’s “meta meta" hydrochloride) 


(CH,),, HCI 


Stedman’s “meta”  methiodide compound is the most anti- 
cholinesterase so far prepared, and as we have previously shown 
[Schweitzer & Wright, 1937c], its central action is powerfully inhibitory. 
On the analogy of eserine sulphate and dimethyl carbamic ester of 
hordenine hydrochloride, we thought that the “meta” hydrochloride, 
which is a tertiary ammonium compound, might prove convulsant in 
action. The results obtained were in conformity with this view. In 
atropinized animals, intravenous injection of 10-15 mg. of “meta” 
hydrochloride produces small changes in blood pressure. There is usually 
a considerable increase in the responses of the gastrocnemius muscle to 
submaximal or maximal motor-nerve stimulation (Fig. 9). The knee 
jerk (sometimes after a transient phase of initial inhibition) may be 
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considerably increased. Quadriceps tone may rise (Fig. 10), and spon- 
taneous convulsions occur. It can be readily shown that the changes in 
- reflex activity. are, in the main, central in origin: (1) there is no regular 


Fig. 9. Fig. 10. 

Fig. 9. Cat, deep chloralose anaesthesia, 1 mg. per kg. body wt. Records from above down- 
wards are: knee jerk (right side), response of gastrocnemius to motor-nerve stimulation 
(left side) carotid blood pressure, time in 30 sec., signal line. At arrow inject into 
jugular vein 15 mg. of Stedman’s “‘meta’’-hydrochloride. Note marked potentiation 
of nervé muscle responses. There is an initial depression of the knee jerk followed by 
a marked sustained increase accompanied by violent spontaneous convulsions. — 

Fig. 10. Cat, deep chloralose anaesthesia, no atropine. Records from above downwards 
are: knee jerk (right side), contraction of gastrocnemius (left side) stimulated through 
its motor nerve, carotid blood pressure, time in 30 sec., signal line. At arrow inject 
intravenously 15 mg. of Stedman’s “meta’’-hydrochloride. Note increase in muscle 
tone and reflex activity. Initial convulsive movements. 


time relationship between the increase in the knee jerk and that of 
the nerve-muscle preparation; (2) the increase in the knee jerk may 
occur without any associated change in the nerve-muscle response; 
(3) the “spontaneous” and generalized convulsions which occur cannot, 
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of course, be attributed to peripheral changes, but must be due to 
heightened central excitability; (4) in “ischaemic” preparations, injec- 
tion of the drug into the jugular vein produced: the same changes in 
the reflexes as those seen in the intact animal. Prolonged convulsions 
of great force can be elicited under such experimental conditions. 


Action of dimethyl carbamic ester of m-hydroxyphenyl 
dimethylamine hydrochloride (Substance 31) 


HCl 


This anticholinesterase, which is a tertiary ammonium derivative, 
has a weak convulsant action. The great toxicity of the substance made 
a thorough examination of its central action difficult. In unatropinized 
animals 0-5 c.c. (0-1 g.) practically stopped the heart. The blood pressure 
subsequently returned gradually to the normal level. There was poten- 
tiation of the gastrocnemius response to motor-nerve stimulation. The 
knee jerk was increased and slight generalized convulsions appeared. 
These changes are gradual in onset, but may last for a considerable time, 
e.g. 40 min. In atropinized animals doses up to 2 c.c. were intravenously 
injected. There was always initially a profound fall of blood pressure, 
which might be depressed (e.g. to 70 mm. Hg) for 30-60 min. An increase 
of the knee jerk and convulsions were readily observed. 


Action of miotine hydrochloride 


CH,).N(CH,)y, HCl 
Miotine hydrochloride is a tertiary ammonium compound with con- 
siderable anticholinesterase activity in vitro. Its action in the atropinized 
animal proved to be complex. Intrajugular injection of 20 mg. produced 
only small changes of blood pressure, and slowing of the heart rate was 
sometimes observed. Violent and generalized fibrillary muscle twitchings 
occurred. The response of the gastrocnemius muscle to submaximal or 
maximal motor-nerve stimulation was greatly potentiated; an increase 
in the height of contraction of over 100 % from the pre-injection level 
was often observed. The knee jerk usually disappeared, but the quiescent 
reflex background was disturbed at intervals by violent jerks in response 
to the tap on the tendon or by spontaneous convulsions of great force 
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which appeared in the intervals between the stimulation of the tendon. 
These heightened responses occurred either singly or in bouts, but, as 
explained, they were separated by intervals during which no reflex 
reactions took place (Fig. 11). The results obtained in ischaemic prepara- 
tions are very similar to those recorded in intact animals. Intrajugular 


— 


Fig. 11. Cat, chloralose, 1 mg. atropine per kg. body wt. Records from above downwards 
are: knee jerk (right side), contraction of gastrocnemius (left side) stimulated through 
ite motor nerve, carotid blood pressure, time in 30 sec., signal line. At arrow, inject 
20 mg. of miotine hydrochloride. There is marked fibrillation and potentiation of the 

_ nerve muscle responses, Bouts of convulsive movements occur against a background 
of depression of the knee jerk. 


injection of 10-30 mg. of miotine hydrochloride produced a complex 
picture of depression of the knee jerk, interrupted from time to time 
by exaggerated jerks or bouts of spontaneous convulsions. The results 
obtained were contrary to expectations, as miotine hydrochloride is 
a tertiary ammonium cholinesterase compound, and we thought that 
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it would prove to be predominantly convulsant in action. It is true, 
of course, that preceding the increase in reflex excitability, an initial 
phase of inhibition not uncommonly occurs with the other tertiary 
compounds examined, e.g. eserine sulphate, “meta”-hydrochloride. In 
some instances this inhibition may last as long as 30 min., e.g. eserine 
sulphate. But undoubtedly the usual and common effect of the tertiary 


Fig. 12. Cat, chloralose, 1 mg. atropine per kg. body wt., “ischaemic” preparation. Records 
from above downwards are: knee jerk (right side), contraction of gastrocnemius 
(left side), stimulated through its motor nerve, carotid blood pressure, signal line, 

_ time in 30 sec. A. Between “‘on”’ and “off’’, control period of ischaemia; there is an 
initial increase in the knee jerk followed by a secondary decline which is probably 
due to anaemia of the spinal cord; recovery occurs when the blood supply is restored. 
B. At “on’’, clamp abdominal aorta and inferior vena cava; knee jerk rapidly declines 
asin control. At second arrow inject into jugular vein 20 mg. of l-miotine hydrochloride; 
note onset of frequent and violent convulsions. At “off” release clamps; fibrillary 
twitchings and contractures set in. 

ammonium anticholinesterase compounds is to produce increased reflex 

excitability. Miotine hydrochloride, on the other hand, produced mainly 

a depressant effect, interrupted by transient periods of increased excita- 

bility. Further experiments were carried out to try and solve this 

difficulty. | 

The results previously recorded were obtained with a racemic com- 
pound of miotine hydrochloride. It was thought desirable to test separately 
the central action of the dextro- and laevorotary components, as the 
complex effects of the racemic compound might be due to conflicting 
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properties of the two isomers. A large number of experiments were 
performed on ischaemic preparations, and rather irregular results were 
obtained. Intrajugular injections of 25 mg. of d-miotine hydrochloride 
appeared to have predominantly a central inhibitory effect on the knee 
jerk. Doses of the same order of J-miotine hydrochloride often had: 
a definite excitatory action on the central nervous system, producing 
a marked increase of the knee jerk and violent spontaneous convulsions. 
Fig. 12 illustrates such a response. 

It is possible, therefore, that the complex action of the racemic 
miotine hydrochloride is partly the resultant of the differences in the 
action of the dextro- and laevorotary compounds. We do not think, 
- however, that the results of our experiments were uniform enough to 
allow us to come dogmatically to any such conclusion, and they merely 
suggest that this may be one of the factors concerned. It must be 
remembered, also, that though laevo- and dextro-isomers often differ 
quantitatively in their pharmacological action, we cannot recall any 
examples in which the isomers differed qualitatively. If we regard 
miotine hydrochloride as having a mixed inhibitory and excitatory 
action, it may be supposed that the laevorotary compound has more of 
the excitatory and the dextrorotary substance more of the inhibitory 
activity. It must be mentioned, however, that-the laevorotary compound 
has about three times the anticholinesterase activity of the dextro 
isomer, and possibly had we used larger doses of the latter a more 
predominant convulsant action might have been produced. We will 
consider these points again in the discussion. 

Relationship of anticholinesterase activity of the quaternary ammonium 
compounds to their central inhibitory action. Comparison of in vivo 
and in vitro activities 

The results recorded previously [Schweitzer & Wright 1937c, d, e, 
19384] and in an earlier section of this paper show that all the quaternary 
anticholinesterases examined have an inhibitory action on the spinal 
cord. We have now to consider whether, or to what extent, this central 
inhibitory action is due to the fact that these drugs can inhibit choline- 
esterase. It is first necessary to compare the degree of anticholinesterase 
potency shown by the various members of the group in vitro with the 
intensity of their central inhibitory action when injected. This has been 
done by examining their inhibitory action on somewhat, but not highly, 
purified preparations of cholinesterase obtained from horse serum by 
the method of Stedman & Stedman [1935]. The enzyme was diluted to 
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a suitable concentration with NaHCO,/CO, buffer of pH 7-4, mixed with 
the urethane under investigation, and the hydrolytic activity of the 
mixture towards butylcholine measured after various intervals of time 
by the continuous titration method described by Stedman, Stedman 


-& White [1933], using bromothymol blue as indicator. It was not 


technically possible to make a direct comparison of the inhibitory actions 
of all the substances on one and the same specimen of cholinesterase. 
The results are, nevertheless, directly comparable with a fair degree of 
accuracy, for, as shown by Kasson & Stedman [1936] the inhibitory 
activities of urethanes of the nature of those under consideration are, 
within wide limits, independent of the degree of purity of the preparation 
of cholinesterase. The results obtained are shown in the following Tables I 


and II. 
I. Quaternary bases 
Concentration % inhibition in 
Compound (molar) Ihr. br hr. 
Prostigmine 5x10-* 35 = 
““Meta”’-MeI 5 x 10-* 67 55 
36 5x 10-* 15 30° 
Dimethylcarbamic ester of 2-5 x 34 67 
methyl methyl 
Prost 2-5 x 10-* 38 
m- xypheny 
iodine 
2-5 x 25-25 48 
Eserine Mel 2-5 x 10-* 205 35 _ 
II. Tertiary bases 
Concentration % inhibition in 
Compound (molar) Shr. 3$hbr 4 be 
Eserine 5x10-* 
Dimethyl 
hordenine HC! (41) 
“*Meta”-HCl 2-5 x 10-7 26 8 
Miotine HCl 5x 10-* 7 22 


In addition to comparing the in vitro inhibitory activities of the 
urethanes mentioned in the above table, we have also examined for 
anticholinesterase activity certain of the phenols derived from these 
urethanes by removal of the carbamic ester grouping. As the following 
results show, when used in a concentration of 5x10 M, ie. in a 
concentration one thousand times greater than that of the eserine 
employed in the above experiments, the inhibitory activities are almost 
negligible, 


> 
7. 
3 
F 
a 
bat 
au 
fl 
i” 
4 
> 


322 A, SCHWEITZER, E. STEDMAN AND'S. WRIGHT 


% inhibition in 
Compound (molar) lbr. 2hr, 23} hr. 
Eseroline Mel 8 11 
Eseroline HCl 5 x10-* 15 13 
Hordenine Mel 5x10-* 0 0 
It is, for the following reasons, a matter of some difficulty to arrange 


the above urethanes in the precise order of their in vitro activities. 


(1) Owing to the slight variation in the concentration of the cholinesterase — 


in the various preparations employed the results are not comparable 
to a high degree of accuracy. That the magnitude of the error involved 
is, however, not large is indicated by the results obtained with prostig- 
mine, using these different preparations of cholinesterase. (2) As 
demonstrated by Easson & Stedman [1936], most of the urethanes are 


themselves slowly decomposed by cholinesterase. This decomposition, 


moreover, occurs at widely different rates for the various members. In 
general, the esters of dimethylcarbamic acid are very much more stable 
than those of methylcarbamic acid. With the former, decomposition is 
- nappreciable during the first few hours, at any rate at room temperature, 
with the latter it may be large under these conditions. (3) Under the 
conditions of our experiments the maximum inhibitory activity in the 
absence of appreciable decomposition is not attained until some 9 hr. 
after mixture with the enzyme. 

Taking all these factors into account we believe that, on the basis of 
the above results, the quaternary compounds can be arranged in the 
following order of their in vitro anticholinesterase potencies: 

Meta-methiodide compoundSdimethyl carbamic ester of m-hydroxy- 
phenyl diethylmethyl ammonium iodide (preparation 3393. Roche) > 
prostigmine >eserine methiodide > methylphenyl carbamic ester of m- 
hydroxypheny] trimethyl ammonium methyl] sulphate (substance 36) > 
dimethyl carbamic ester of hordenine methyl sulphate. Most of the above 
compounds are active in vitro in concentrations of 10-* M. The exception is 
the hordenine derivative, of which a concentration of 10-* M is necessary. 

The tn vivo results must now be considered. We used as a basis for 
comparison the dose of an anticholinesterase necessary to produce, on 
intravenous injection, a definite depression of the patellar reflex in 
ischaemic preparations. The in vivo results with regard to the activity 
of these substances on the spinal cord show that the “meta ”-methiodide 
and preparation 3393 Roche are much the most potent, and are about 
equally active. Prostigmine came next, followed at an interval by 
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substance 36, which was about equal or perhaps somewhat more potent 
than eserine methiodide. The hordenine derivative is much the weakest 


in the i vivo series. These results are shortly summarized in Table III. 


oe Order of potency of quaternary anticholinesterases 


In vitro In vivo 
“Meta’’-methiodide 
Preparation 3393 
Eserine methiodide 4th Sth 
Substance 36 5th 4th 
Dimethyl carbamic ester 6th 6th 
ofh methiodide 


‘Taking into account the obvious difficulties and uncertainties in- 
volvo in this comparison, e.g. the difficulty of producing the same depth 
of anaesthesia in each animal, it can be said that the degree of general — 
agreement obtained between in vitro and in vivo activity of the substances 
is almost surprisingly good. 

One discrepancy, however, must be mentioned. Substance 13 is the 
methyl sulphate corresponding to the “meta”-methiodide, and has the 
same activity in vitro as the “ meta ”’-methiodide compound. In vivo, how- 
ever, it comes lower down on the list and is about as active as prostigmine. 


Action of quaternary ammonium compounds after removal, 

of the urethane grouping 
As has been shown by one of us (Stedman, 1926; White & baleen 
1931], removal of the urethane grouping almost completely abolishes 
the anticholinesterase potency in vitro (cf. pp. 302, 308 above). We have © 
studied the in vivo action of two such derivatives: eseroline methiodide, 
corresponding to eserine methiodide, and m-hydroxyphenyl] trimethyl 
ammonium iodide, corresponding both to “meta”-methiodide and to 
prostigmine, We have previously recorded our results with (the urethane- 
free) hordenine methiodide, corresponding to dimethyl carbamic ester 

of hordenine methiodide [Schweitzer & Wright, 1938a]. 


Action of eseroline methiodide 
The formulae of eserine methiodide and of eseroline methiodide are 
set out below: 


CH, 
be 


Eserine methiodide Eseroline methiodide 
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The anticholinesterase activity in vitro of eseroline methiodide is 
very feeble and is of the same order of magnitude as the corresponding 
hydrochloride, the in vivo action of which was discussed above. Intra- 
venous injection of eseroline methiodide in doses of 1-2 mg. gives rise 
to an increase in the knee jerk which can, in considerable measure, be 
attributed to the associated potentiation of the muscle responses to 
motor-nerve stimulation. In atropinized animals there was little effect 
on blood pressure. Larger doses of this drug, 5, 10 or 20 mg., in atropinized 
animals produced, in some cases, a slight increase in the general excita- 
bility of the animal, considerable peripheral neuro-muscular potentiation, 
and an increase in the knee jerk. In most of our experiments on 
“ischaemic” preparations, 15-25 mg. of the drug injected into the jugular 
vein had no effect on the knee jerk. In two experiments only it appeared, 
however, that such doses diminished strychnine convulsions. It is thus 
quite clear that eseroline methiodide is much less active on the central 
nervous system than eserine methiodide. It can also be concluded that 


methiodide is, in large measure, if not wholly, associated with its urethane 
grouping and presumably with its anticholinesterase properties. 


Action of m-hydroxyphenyl trimethyl ammonium iodide 
This substance, which is the phenolic base corresponding to both 
prostigmine and the “ meta”’-methodide (see formulae below) has a small 
anticholinesterase effect in vitro in concentrations of 5 x 10-* M, com- 
pared with an appreciable activity by the urethane derivatives of the 
substance in concentrations of 10-* M. ay 


(CH,),.80,CH, (CH,),1 (CH,),I 
Prostigmine 


“Meta””-methiodide m-hydroxyphenyl_ 


In the intact animal, intravenous injection of doses of 2-5 mg. or 
over of this substance produces violent muscular twitching and abolishes 
the knee jerk. With small doses (0-5 mg.) the response of the gastroc- 
nemius to break shocks, at a rate of one in 10 sec., is slightly potentiated, 
but with larger doses or with repeated small doses, it is depressed. The 
response of the muscle to tetanic stimulation may be temporarily 
abolished. Breathing is also depressed or stopped and artificial respiration 
has to be employed. : 


the marked central depressant action which is characteristic of eserine 
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This peripheral depressant effect on neuro-muscular transmission is — 
to be expected from a quaternary ammonium salt (cf. Ing, 1936]. Special 
precautions must therefore be taken to determine whether the changes 
in the reflexes are due wholly to this peripheral curari-like action, or 
whether there is any central depressant action as well. In experiments 
carried out under rigidly controlled “ischaemic” conditions it was found 
that the intrajugular injection of large doses of the drug, e.g. 14 mg. 
in divided doses, abolished the knee jerk. Removal of the urethane 


_ grouping from prostigmine or from the “meta”-methiodide compound 


thus considerably weakens but does not abolish the central depressant 
action of the remaining phenolic substance. 


Discussion 


The experiments recorded in this paper have provided further evidence 
that the anticholinesterase group of drugs have a direct action on the 
spinal cord, which may be of an excitatory or inhibitory nature. All 
the quaternary ammonium anticholinesterase compounds examined have 
a central inhibitory action. All the tertiary ammonium compounds (with 
the partial exception of miotine hydrochloride) | are excitatory. The 
results are summarized in Table IV. : 


IV 
Central convulsants | Central depressants 
Eserine (44) Eserine methiodide (45) 
Dimethylearbamic ester of hordenine Dimethylearbamic ester of hordenine 
hydrochloride (41) methiodide (42) 
Stedman’s meta’’-hydrochloride Stedman’s “‘ meta’’-methiodide 
Miotine hydrochloride (28) Miotine methiodide 
Dimethylearbamic ester of m-dimethyl- § Dimethylearbamic ester of methyl! hor- 
aminophenol hydrochloride (31) methylsulphate 
Dimethylearbamic ester of 8-hydroxy- . Icarbamic ester of m-hydroxy- 
hydrochloride (37) ammonium iodide 


Methylcarbamic _ ester of 


gre henylcarbamic ester of Dies 
ammonium 
(36) 


(The numbers in brackets refer to Acschlimann & Reinert’ (1081 serie, 


These results are, in part, supported by experimental evidence 


- obtained by other workers. Miller [1937] applied eserine sulphate in 


1% and 10 % solution (40-100 yg.) by means of small squares of filter 
paper on to the cerebral motor cortex of cats under dial anaesthesia. 
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The contralateral fore- or hindleg showed tremor, powerful clonus and 
generalized rigidity after a latency of about 6 sec: The threshold to faradic 
stimulation was notably lowered, and the responses were augmented 
and accompanied by powerful clonus and prolonged after-discharges. 
Normal responses to electrical stimulation were obtained from the non- 
eserinized cortex. Bremer & Kleyntjens [1937] and Bonnet & Bremer 
[1937] showed that eserine (sulphate) increases the reflex sensitivity of 
the spinal cord in frogs, and produces prolonged after-discharge. Injec- 
tion of small doses of acetylcholine (0-02-1 yg. in 0-1 ¢.c.) into the right 
aortic arch had an augmentatory effect on the after-discharge “ without 
necessarily increasing (on the contrary, sometimes depressing) the height 
of the twitch to which it is appended” [Bonnet & Bremer, 1937]. Larger 
doses of acetylcholine (1-0-5-0 yg.) have only a depressing effect on the 
spinal centres. Lefébre & Minz [1936] and Bonvallet & Minz [1938] have 
demonstrated that acetylcholine diminishes the excitability of the spinal 
cord in frogs, and in spinal catsand dogs. Eserine increases the excitability. 
_ Therman [1938] studied the action of acetylcholine and eserine on 
the action potentials of the excised frog’s retina, He found that eserine 
sometimes increased, but, in most cases, diminished the potentials. 
Acetylcholine in all cases depressed retinal excitability. 

Thus it appears that general agreement exists with regard to the 
excitatory action of (tertiary) eserine sulphate on the central nervous 
system. Therman [1938] explains the depressant action of eserine on 
retinal action potentials in frogs on the basis of an increased concentration 
of acetylcholine in the retinal tissue, from which considerable amounts 
of acetylcholine can be extracted, thus aligning his findings with regard 
to the eserine effect with the action of acetylcholine on retinal potentials. 
It is difficult to explain Bonnet & Bremer’s [1937] finding of an augmen- 
tary effect of small doses of acetylcholine on after-discharge. It may be 
argued, however, that there are differences of reaction in various species, 
especially as Bonnet & Bremer [1937] also found a spontaneous and long 
lasting discharge of the spinal centres in frogs after administration of 
1-10 yg. of nicotine, although nicotine has proved to be a very strong 
depressant of spinal reflexes in cats [Schweitzer & Wright, 1938}]. 
Briscoe [1938] confirmed recently the central excitatory effect of 
dimethyl carbamic ester of hordenine hydrochloride in cats. The enhance- 
ment of the patellar reflex was coincident with depression of neuro- 
muscular transmission on the contra-lateral side. The dimethyl carbamic 


ester of hordenine methyl sulphate caused depression or temporary 
abolition of the knee jerk. 
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Interesting observations on the action of acetylcholine and eserine 
and other anticholinesterases on the central nervous system in man 
have recently been made by Kremer [1939]. Kremer has compared the 
action of acetylcholine, eserine (sulphate), prostigmine and the dimethyl 
carbamic ester of hordenine hydrochloride and of hordenine methiodide 
on the spinal cord in man by injecting the drugs directly into the lumbar 
spinal fluid. He has confirmed the previous observations of Kremer e¢ al. 


_ [1937] that prostigmine is a central depressant: tone and voluntary 


power may be diminished without any change in blood pressure, pulse 
rate, respiration or sensation. Hserine (sulphate) (1 mg.), after an initial 
period of inhibition, acted as a central stimulant, increasing tone and 
reflexes and producing spontaneous pain. Dimethyl carbamic ester of 
hordenine methiodide acted like prostigmine, while the dimethyl carbamic 
ester of hordenine hydrochloride acted like eserine. The relative potency 
of eserine (sulphate) and the hordenine hydrochloride compound was 
50: 1, and that of prostigmine and the hordenine methiodide compound 
was 50 or 100: 1; both results agreed very well with our animal experi- 
ments. Thus, when the action of these drugs is studied directly on the 
human spinal cord there is also a close agreement between the in vitro 
and the a vivo activity. Acetylcholine injected intrathecally, even in 
doses of 500 mg., was inactive, but given together with small doses of 
prostigmine (e.g. 0-1 mg.) which are themselves inactive, it becomes 
potentiated and may produce central inhibition in doses of 10 mg. 
There is thus close general agreement between the clinical and experi- 
mental findings. The central action of none of these substances was 
intensified or annulled by repeated intravenous injection of 2 ae of 
atropine. 

We have carefully considered the possible causes of the remarkable 
qualitative difference in the central activity of the two classes of anti- 
cholinesterase compounds (tertiary and quaternary compounds) that 
have identical actions in vitro and on all other tissues so far examined 
(e.g. skeletal muscle, heart, blood vessels). The difference in the nature 
of the basic group would presumably cause differences in the distribution 
of the drug in the tissues. The quaternary ammonium compounds are, 
as such, necessarily soluble in water and insoluble in lipoid. The salts 
of the tertiary bases, however, undergo some hydrolytic dissociation in 
solution, giving rise to an equilibrium mixture of basic ions and free 
base, and the latter will be soluble in lipoids. The difference in this 
respect may perhaps account for the different kind of action which these 
substances exert on the spinal centres. 
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The probable dissociation processes taking place are meened 
diagrammatically below in Tables Vand VI. | 
V. Quaternary ammonium compounds 


| OH 
| Water-soluble 

Insoluble in lipoid 


; H 


7 7 
Water-soluble Water-soluble Soluble 
Insoluble in lipoid Insoluble in lipoid lipoid 


The anticholinesterases influence transmission: processes in the central 
nervous system presumably by a direct action on nervous elements. It 
is most unlikely that they act merely by altering the local blood supply. 
Their central action is totally unrelated to changes in the general level 
of blood pressure: further, both classes of anticholinesterases act similarly 
on the blood vessels, and so it would be impossible to account for the 
qualitative differences described if this were their sole mode of action. 
_ As the drugs in the doses used have no action on peripheral nerve fibres, 
they must be supposed to act either on the surface membrane of the 
nerve cell, its dendrites and its related synaptic terminals, or in the 
_ interior of the nerve cell itself. 

The quaternary ammonium cholinesterase compounds and their 
derivatives, being lipoid insoluble, may be regarded as unable to pene- 
trate the lipoid envelopes of the nerve cells and so be limited to the 
“outside” of these cells. The tertiary ammonium compounds are present 
both as cations and free base. The cation, being water soluble only, can 
likewise be supposed to be unable to enter the cells; the tertiary base, 
however, being lipoid soluble, may perhaps dissolve in the lipoid material 
of the cell surface and enter the cell (where it may act as the free base 
or as the cation). We venture to suggest that an anticholinesterase which 
penetrates into the cell will act as a convulsant, while a member of the 
group which is unable so to_penetrate will be a central depressant. 

This suggestion explains an important anomaly in connection with 
the physiological activity of the tertiary group, namely that they often 
exhibit an initial inhibitory action, which is followed after an interval 
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of longer or shorter duration by the characteristic convulsant action. 
This is to be expected from the method of dissociation of these drugs, 
which leads to the formation of a water-soluble cation which remains 
ex hypothest “outside” the cells, and so has an inhibitory action. The 
tertiary compounds would, therefore, tend to exhibit a mixed effect, 
though usually the convulsant effect predominates. 

These considerations may help to explain the somewhat irregular 
behaviour of miotine hydrochloride which (in the racemic form) produces 
a predominantly central depressant action interrupted by occasional 
bursts of exaggerated central activity. The experiments with the laévo- 
rotary compound showed conclusively that miotine hydrochloride can 
produce convulsions under certain circumstances. It may be supposed 
that the ionization of this substance proceeds in such a manner that it 
gives rise commonly to a preponderance of concentration of the inhibiting 
cation at the cell surfaces. As Dr Danielli has reminded us, the pH of 
the blood would modify the dissociation of the tertiary compounds. At 


_ more acid pH more of the cation would be formed and so the inhibitory 


action should be enhanced: at a more alkaline pH more free base would 
be present to penetrate into the interior of the cells and so intensify the 
excitatory effect. We tested the point experimentally with miotine 
hydrochloride by attempting to increase the pH by means of over- 
ventilation. We were not able to satisfy ourselves that the convulsant 
action of the drug was thereby enhanced. But.the change in pH that 
can be produced by such means in the body is most probably too small 
to influence the extent of dissociation to a significant degree. 

The tertiary salts do not hydrolyse much at pH 7, and it is therefore 
a matter for comment that the free base enters the cells so rapidly, 
judging by the physiological effect. Danielli [1937], however, has demon- 
strated that the dissociation curve of a base is displaced towards the acid 
side when the base is adsorbed at a surface. Thus a base which is only 
5 % in the form of a free base in blood may be 50 % or more as a free base 
at a surface in contact with the blood. This factor may help to account — 
for the minor discrepancies that have been recorded. | 


Mode of action of convulsant tertiary anticholinesterases — 

The essential question to be decided is whether these substances 
produce their effects on the central nervous system because they inhibit 
the action of cholinesterase or whether their effects are quite unrelated 
to this property. The following observations may assist in arriving at 
a conclusion. (1) There is a high concentration of cholinesterase present 
PH. XCVI. 22 
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in the grey matter of the central nervous system. The presence of the 
enzyme in the central nervous system was first demonstrated by Plattner 
& Hintner [1930]. Stedman & Stedman [1935] found that basal ganglia 
contain twice as much cholinesterase as cortex. Recently, Nachmansohn 
[1937, 1938] compared the enzyme concentration in grey and white 
matter in various regions and found a much higher amount of cholin- 
esterase in the former, the largest concentrations of enzyme, calculated 
- from the amount of acetylcholine hydrolysed by 100 mg. tissue in 60 min., 
being demonstrated in nuclei rich in synapses. 

(2) We have compared the inhibitory activity of the various members 
of this group én vitro on cholinesterase with their potency as convulsants 
im vwo. The probable in vitro order of activity of the members of this 
group (experiments of E.S8.) is: Eserine (sulphate)>miotine hydro- 
chloride) > ‘‘ meta”’-hydrochloride > dimethyl carbamic ester of hordenine 
hydrochloride. In arranging these in order of potency im vivo considera- 
tion must be paid to the fact that all these substances have some initial 
_ inhibitory action on the central nervous system, which tends to counteract 
their dominant convulsant action. The in vivo comparative activity of 
eserine sulphate, “meta ”’-hydrochloride and the dimethyl carbamic ester 
of hordenine hydrochloride is approximately 50, 10, 1. The miotine 
compound cannot be placed in this series because of its very marked 
inhibitory component. There is therefore, making proper allowance for 
the inherent difficulty of such a comparison, a considerable degree of 
correlation between anticholinesterase activity in vitro and convulsant 
action in vivo. The results are summarized in Table VII below. 


_ Taste VIL. Order of potency of tertiary anticholinesterases 


; In vitro In vivo 
Eserine sul Ist lst 
“Hla” HEL 2nd 2nd 
Dimethyl carbamic ester _ 3rd 3rd 
of HCl 


(3) Our experiments have shown that the central excitatory action 
of the members of this group of substances is diminished, abolished or 
converted into a central inhibitory action when the urethane grouping, 
which is responsible for anticholinesterase activity, is removed. Thus 
the central excitatory effect of eseroline hydrochloride is approximately 
toth of that of eserine sulphate; if the urethane grouping is removed from 
the dimethyl carbamic ester of hordenine hydrochloride (a substance with 
a strong convulsant action), the resultant compound, hordenine hydro- 
chloride, has a central inhibitory effect. } | 
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These two lines of evidence, (i) the quantitative parallelism of in vitro 
anticholinesterase activity and in vivo action on the central nervous 
system, and (ii) the dependence of the central excitatory action on the 

| __ presence in the molecule of the carbamic ester grouping, make it probable _ 

‘ that the group of tertiary ammonium compounds are convulsant by virtue 
of their anticholinesterase properties and to the degree to which they 

inhibit this enzyme in the central nervous system: | 

It is reasonable to suggest that the esterase is present at the site of 

er action of the tertiary convulsants and this may well be, in consequence 

Le of their lipoid solubility, in the interior of the nerve cells. It seems to 

' - follow, too, that acetylcholine must be available there normally to be 

acted upon by the enzyme, and that its local concentration can influence 

transmission processes. Though it is suggested by Threthewie [1938] 

that synthesis of acetylcholine in the presence of glucose and eserine 

|| _- occurs in extracts of brain tissue the work of Mann, Tennenbaum 

| . & Quastel [1938] casts doubt on the validity of this claim. It seems 

fs more probable that the enzyme is concerned only with the hydrolysis 

~_. of acetylcholine in nervous tissue. The inhibition of the enzyme by the 

anticholinesterase drugs would thus increase the concentration of acetyl- 

choline at its site of action. It seems proper to conclude that the tertiary 

ammonium anticholinesterases facilitate central transmission processes 

by modifying (most probably increasing) the concentration of acetyl- 

choline within the nerve cells of the spinal cord. 


Mode of action of quaternary anticholinesterases 


_ It has already been shown that there is a high degree of. asilaiien 
between the strength of anticholinesterase activity of the members of 
this group im vitro and the intensity of their inhibitory activity on the 
spinal cord in vivo (p. 323, Table ITI). 

The second line of approach to the problem, namely to study the 
central action of these drugs after removal of their urethane group 
| (and anticholinesterase activity), leads to somewhat contradictory results. 
aie The substance so obtained from eserine methiodide (eseroline methiodide) 
3 | has practically no inhibitory action on the central nervous system; that 

ke derived from prostigmine and ‘“meta”-methiodide (m-hydroxyphenyl 
dimethyl ammonium iodide) has a much weaker central action. In these 
instances it seems clear that the anticholinesterase grouping is responsible 
wholly or largely for the central inhibitory action. 
Ai: The substance derived from the dimethyl carbamic ester of hordenine 
‘Be methiodide, namely hordenine methiodide itself, has, however, a central 
22—2 
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inhibitory activity some fifty times as great as that of the parent body and 
is of the'same order of magnitude as prostigmine, and yet hordenine 
methiodide has a negligible anticholinesterase action im vitro. Again, 
the tertiary hordenine hydrochloride has a definite, though weaker, 
central inhibitory action. It is clear, from these and other examples — 
like that of adrenaline and nicotine [Schweitzer &. Wright, 19376, 19385), 
that central inhibitory action is not restricted to any particular class 
of chemival compounds. There is nothing surprising in that; eserine 
and pilocarpine for instance both have a parasympathetico-mimetic 
activity, but for different reasons. 
| We have to decide whether the facts set out in the preceding paragraph 
compel us to conclude that the central inhibitory activity of the quaternary 
anticholinesterases is entirely non-specific in the sense that it bears no 
relationship to its effect on cholinesterase. The balance of the evidence 
seems to us, however, to point in the opposite direction: 

(1) As already mentioned, there are high concentrations of cholin- 
esterase present in the grey matter of the central nervous system 
(p. 330). 
(2) Acetylcholine and other choline esters injected intravenously, in 
the cat, have a central inhibitory action and this action is potentiated © 
by the anticholinesterases [Schweitzer & Wright, 1937c]. In the animal 
experiments this potentiation might be attributed to inhibition of cholin- 
esterase in the blood, protecting acetylcholine from destruction and so 
allowing higher concentrations of acetylcholine to reach the central 
nervous system. Kremer [1939], however, has shown in man that 
intrathecally injected prostigmine in subthreshold doses potentiates the 
action of intrathecally injected subthreshold doses of acetylcholine. It 
seems, therefore, reasonable to suppose that the prostigmine inhibited 
the cholinesterase in the spinal cord and thus permitted the injected 
acetylcholine to act more effectively. ) 

(3) There is a remarkably close relationship between in vitro potency 
and central inhibitory activity (Table III). 

(4) The central inhibitory action of some quaternary ammonium 
anticholinesterases is diminished or even abolished by removal of the 
grouping in the molecule which is responsible for their anticholinesterase 
activity. 

These arguments allow us to adopt the view that the central 
inhibitory action of these quaternary anticholinesterases is due largely, 
and perhaps in some instance to action on the 
of the nervous system. 
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The activity of the derived phenolic bases may perhaps be related to 
the presence of the free hydroxyl grouping attached to the benzene ring. 
When the hydroxyl is replaced by a urethane grouping the inhibitory 
action due to hydroxyl (which we suggest is exerted by a different 
mechanism), is perhaps diminished or lost, and the specific anticholin- 
esterase inhibitory action makes its appearance. This latter may be 
stronger, as with prostigmine or ‘“‘ meta”-methiodide, or weaker, as with 
the dimethyl carbamic ester of hordenine methiodide, than that of the 
phenolic base. 

Examination of the phenolic bases derived from the anticholinesterases 
studied (Table VIII) shows that they resemble adrenaline, which is also 


Tasiz VIII 
OH 
Hordenine HCl 
.CH,.N(CH,),, HCl 
OH 
Hordenine Mel 
-CH,.N(CH,),I 
OH 
ammonium N(CH,),I 
OH 
OH 
OH).CH,.NH(CH;) 


a central inhibitor [Schweitzer & Wright, 19376]. If our arguments 
about the mode of action of the quaternary anticholinesterases are 
justified, certain conclusions seem to follow. Cholinesterase must be 
present at the site of action of this group, which site, we suggest, is 
outside the nerve cells, e.g. on the surface membrane, or at the synaptic 
terminals, The enzyme must be modifying the local acetylcholine con- 
centration probably by hydrolysing it (see p. 330). Our pharmacological — 
experiments suggest that an alteration in the acetylcholine concentration 
in this locality can depress transmission processes and inhibit reflex 
activity. 
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‘ Qur results lead us to the general conclusion that the central action 
of both the convulsant and depressant anticholinesterases may be due 
to modification of the acetylcholine concentration at specific regions of 
the grey matter. The difference between the two groups may depend 
on the site of their activity in relation to the surface membranes of the 
nerve cell or its related synaptic terminals. The quaternary lipoid 
insoluble anticholinesterases may influence the acetylcholine concentra- 
tion outside these membranes and so produce inhibition. The tertiary 
anticholinesterases, which give rise to lipoid soluble free base, can also 
modify the acetylcholine concentration deep to these membranes, and 
_ thus facilitate transmission processes or initiate a discharge of motor 


impulses from the spinal cord. Acetylcholine present in the central 


nervous system could thus act either as an inhibitory or as an excitatory 
agent, according to its relative site of action with regard to the nerve 
cell. Injected acetylcholine acts only as an inhibitory substance because, 
as a quaternary ammonium compound, it is not lipoid soluble and so 
acts in the same locality as the quaternary anticholinesterases. Naturally 
- formed acetylcholine might, however, appear in regions to which the 
artificially introduced substance could not penetrate. 

It is not our intention to discuss the mechanism of normal transmission 
of impulses in the central nervous system of the intact organism. The 
processes are more complex than in autonomic ganglia, as both central 
inhibition and excitation can occur. Suffice it to point out that our results 
suggest that acetylcholine could act both as a central excitatory and 
central inhibitory agent within the spinal cord, and that the level of 
activity of anterior horn cells may depend on the relative concentrations 
of acetylcholine within and without these cells. | 


SUMMARY 


1. The action on the reflex activity of the spinal cord of various 

anticholinesterases and the derived phenolic bases, after removal of the 
urethane grouping, was examined in cats under chloralose anaesthesia. 
The potency of the action on the spinal cord in vivo and the inhibitory 
action on cholinesterase in vitro were compared. 
_ 2. Eseroline (the phenolic base derived from eserine hydrochloride) 
has a negligible anticholinesterase action in vitro and a very feeble 
stimulating action on spinal reflexes in vivo, approximately ¢,th that of 
eserine. 
- . 3, Eserine methiodide is a central depressant, in contrast to eserine 
hydrochloride or sulphate which is a powerful central excitant. - 
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4. Preparation 3393 and miotine methiodide are central depressants. 

5. Stedman's “ meta ”-hydrochloride i is a central convulsant, in con- 
trast to the corresponding “meta”-methiodide which is a central 
depressant. 

6. Miotine hydrochloride has a mixed and 
action on the spinal cord. 

7. Eseroline methiodide (derived from eserine methiodide) has a oe 3 
anticholinesterase activity in vitro. It has very little action on spinal 
reflexes. 

8, m-hydroxypheny] trimethyl ammonium iodide (derived from either 
prostigmine or “meta”-methiodide) has a much weaker anticholin- 
esterase activity i vitro and a much feebler central inhibitory action — 
in vivo than the parent substances. 

9. The central excitatory anticholinesterases are tertiary ammonium 
compounds; the central inhibitory anticholinesterases are quaternary — 
ammonium compounds. 

10. It is suggested that the difference in the central action of the 
tertiary and quaternary ammonium anticholinesterases respectively may 
be due to differences in their physical properties. The tertiary compounds 
give rise in solution to lipoid soluble base which may penetrate to regions 
e.g. the interior of the nerve cell, which the water soluble derivatives 
of the quaternary compounds in solution cannot reach. 

lL. There is a close quantitative relationship between anticholin- 
esterase activity in vitro and action on the spinal cord in vivo in the case 
of both the tertiary and quaternary substances. 

12. Arguments are advanced to support the view that the central 
action of both the excitatory and depressant anticholinesterases is due 
wholly or in part to their inhibitory action on cholinesterase in the spinal 
cord. It follows that variations in the concentration of acetylcholine 
in various regions of the grey matter of the central nervous system may 
influence transmission processes, producing either excitation or inhibition. 


The expenses of this research have been partially defrayed from grants through the 
Government Research Committee of the Royal Society and from the Thomas Smythe 
Hughes Medical Research Fund of the University of London. 


<> 
al 
Mg 
va 
if 
ae 
bY, 
a 
4 
¥ 
be 
4 
‘ 
A 
‘ 
ae 


336 A, SCHWEITZER, E. STEDMAN AND S. WRIGHT 


REFERENCES 


Aeschlimann, J. A. & Reinert, M. [1931]. J. Pharmacol. 48, 413. 
Bonnet, V. & Bremer, F. [1937]. J. Physiol. 90, 45 P. 
Bonvallet, M. & Minz, B. [1938]. C.R. Soc, Biol., Paris, 128, 158 and 162; Arch. int, 
Physiol. 47, 181. 
Bremer, F. & Kleyntjens, F. [1937]. Arch. int. Physiol. 45, 382. 
Briscoe, G. [1938]. J. Physiol. 98, 194. Of, note of correction in J. Physiol. 94. 
Collison, L. W. [1933]. J. Physiol. 80, 14 P. 
Danielli, J. F. [1937]. Proc. Roy. Soc. B, 121, 605. 
Danielli, J. F. [1938]. Personal communication. 
Easson, L. H. & Stedman, Edgar [1936]. Proc. Roy. Soc. B, 121, 142. 
Ing, H. R. [1936]. Physiol. Rev. 16, 527. 
Lefébre, J. & Minz, B. [1936]. C.R. Soc. Biol., Paris, 122, 1302, 
Kremer, M. [1939]. Personal communication. 
Kremer, M., Pearson, H. E. 8. & Wright, Samson [1937]. J. Physiol, 89, 21 P. 
Mann, P. J. G., Tennenbaum, M. & Quastel, J. H. [1938]. Biochem. J. 82, 243. 
Miller, F. R. [1937]. J. Physiol. 91, 212. 
Nachmansohn, D. [1937]. Nature, Lond., 140, 427. 
Nachmansohn, D. [1938]. C.R. Soc. Biol., Paris, 126, 783; 128, 24. 
Plattner, F. & Hintner, H. {1930}. Pfltig. Arch. ges. Physiol. 225, 19. 
Schweitzer, A. & Wright, Samson [19374]. J. Physiol. 88, 459. 
Schweitzer, A. & Wright, Samson [19376]. J. Physiol. 88, 476. 
Schweitzer, A. & Wright, Samson [1937¢]. J. Physiol. 88, 165. 
Schweitzer, A. & Wright, Samson [1937d]. J. Physiol. 80, 384. 
Schweitzer, A. & Wright, Samson [1937e]. J. Physiol. 90, 310. 
Schweitzer, A. & Wright, Samson [19384]. J. Physiol. 92, 422. 
Schweitzer, A. & Wright, Samson [19386]. J. Physiol. 94, 136. 
Schweitzer, A. & Wright, Samson {1938c]. 16th Internat. Physiol. Congress, Ziirich. 
Schweitzer, A., Stedman, Edgar & Wright, Samson [1938]. J. Physiol. sae 
Stedman, Edgar [1926]. Biochem. J. 20, 719. 
Stedman, Edgar & Stedman, Ellen [1935]. Biochem. J. 29, 2107. 
Stedman, Edgar, Stedman, Ellen & White, A. C. [1933]. Biochem. J. 27, 1055. 
Therman, P, 0. [1938]. Acta Soc. Sci. fenn. N.S. B, 2, no. 1. 
Threthewie, E. R. [1938]. Aust. J. exp. Biol. 16, 343. 
White, A. C. & Stedman, Edgar [1931]. J. Pharmacol. 41, 259. 
Wright, Samson [1934]. J. Physiol. 80, 28 P. 


Be 
wy 
J 
7 
* 
Pe 
ue 
4 
> 
“4 
a 
K 


J. Physiol. (2939) 96, 337-347 


THE EFFECT OF THE HYDROGEN-ION CONCENTRA- 

TION ON THE STABILITY OF THE ANTIDIURETIC 

AND VASOPRESSOR ACTIVITIES OF POSTERIOR 
PITUITARY EXTRACTS 
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GuacEnHEr [1914], Dudley [1919], Abel & Nagayama [1920] and Dale 
& Dudley [1921] showed that strong acids and alkalies destroy the oxy- 
tocic hormone of the post-pituitary gland. The loss of oxytocic activity 
proceeds in a manner characteristic of a single substance decomposing 
according to the law for monomolecular reactions [Adams, 1917]. The 
destruction of the oxytocic hormone is not peculiarly due to the nature 
of the acid used but a function of the hydrogen-ion concentration of the 
medium [Stasiak, 1926]. Investigations on the stability of the oxytocic 
principle covering a much wider range of pH values and temperatures 
were published by Gerlough [1930], Gaddum [1930] and Gerlough & 
Bates [1930]. Gerlough determined the rate of decomposition at 100° C. 
between pH 2-0 and 5-0. Using solutions of different oxytocic strength 
he showed the rate of destruction to be independent of the initial con- 
centration of the oxytocic principle. This conforms to the requirements 
of a first order reaction. Gaddum’s observations cover the whole range 
of pH and temperature between 25 and 99°C. His nomogram enables 
us to calculate the amount of destruction of the oxytocic principle in a 
solution of any given pH heated for any given time at any given tem- 
perature. Values obtained from Gaddum’s nomogram conform reasonably 
well with Gerlough’s figures. 

Data on the influence of changes in pH on the stability of the vaso- 
pressor and antidiuretic activity of post-pituitary extracts are sur- 
prisingly scanty. Guggenheim [1914] states that 2N NaOH inactivates 
both the oxytocic and the blood pressure raising action of post-pituitary 
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extracts if applied at room temperature for 2 hr. Abel & Nagayama 
[1920] investigated the influence of various concentrations of hydrochloric 
acid on the pressor activity and found no appreciable loss of pressor 
activity if post-pituitary extracts are boiled in 0-25% HCl (pH 1-16 
calculated) for 30 min. Boiling for 30 min. with 0-5% HCl (pH 0-96 
calculated) almost if not completely annulled the pressor response. 
10% HCl (pH 0-57 calculated) abolished every trace of the specific 
action. Dale & Dudley [1921] and Stasiak [1926] repeated and on the 
whole confirmed these experiments. Abel & Nagayama and Dale & 
Dudley were concerned with the content of histamine or a histamine-like 
- substance of impure post-pituitary preparations, and performed their 


in ether anaesthesia are optimally sensitive for the depressor action of 
histamine [Gaddum, 1936]. Since Abel & Nagayama and Dale & Dudley 
published their results it has been demonstrated repeatedly [Kolls & 
Geiling, 1924; Gruber, 1929; Swanson, 1929; Heller & Kusunoki, 1933] 
that the circulatory effects of pituitrin and pitressin are impaired by 


times less sensitive to small doses of the vasopressor principle than spinal 
animals, It is clear, therefore, that animals under ether anaesthesia are 
unsuitable for the accurate assay of the post-pituitary pressor principle. 
Smith & McClosky [1924] investigated the influence of various tem- 
peratures on the stability of the oxytocic and pressor principles pre- 
sumably at the hydrogen-ion concentration resulting from the prepara- 
tion of their standard extract. The rate of deterioration of the pressor 
activity ran parallel to that of the oxytocic potency, and this was taken 
as favouring the chemical identity of the oxytocic and pressor principle. 
Their method of assay for the pressor substance is not stated. Kamm, 
Aldrich, Grote & Bugbee [1928] mention that non-acidified extracts of 
the post-pituitary gland lose more of the pressor than of the oxytocic 
activity when boiled for a short time. The stability of the two principles 
in acidified extracts appeared to be the same. There seems to have been no 
systematic investigation of the effects of the hydrogen-ion concentration 
on the stability of the antidiuretic activity of post-pituitary extracts. 

Our present information about the influence of pH changes on the 
stability of the post-pituitary principles is thus fairly extensive for the 
oxytocic substance, but exceedingly meagre for the other principles. 
The present series of experiments was, therefore, performed to collect 


data on the stability of the vasopressor and antidiuretic fraction of ae 
pituitary extracts. 


blood pressure experiments on animals anaesthetized with ether. Cats — 


anaesthetics and hypnotics. Cats under ether anaesthesia are 10-20 — 
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METHODS 


The sities extracts employed in this investigation were 
Messrs Parke, Davis and Co.’s pituitrin, pitressin and pitocin. The term 
milliunit is used to express the activity of 0-1 c.mm. of pituitary (pos- 
terior lobe) B.P. extract. Clark & Lubs’ series of buffers was used for 
the pH values between 2-0 and 10-0 and analytically pure hydrochloric 
acid and sodium hydroxide solutions for pH values beyond that range. 
The hormone was mixed with the appropriate buffer solution to obtain 
a concentration of 500 milliunits per c.c. Part of this mixture was put 
into a refrigerator and used as standard solution, another part was filled 
into glass ampoules. The sealed ampoules were heated in a water bath 
at about 99° C. and withdrawn at the times shown in the tables and 
quickly cooled. The contents were suitably diluted with 0-9% saline and 
tested as quickly as possible. 

The hydrogen-ion concentrations were measured colorimetrically 


_ using B.D.H. capillators ert were found to be the same before and after 


heating. 

Estimation of pressor potency. Spinal cats were used, those not 
giving a good pressor response to doses below 10 milliunits per kg. being 
rejected. With such doses complete recovery of sensitivity to the pressor 
principle occurs in 40-45 min. Injections of an arbitrary dose of the 
standard were repeated until the responses were sufficiently constant. 
A dose of the unknown extract which, judged from preliminary tests, 
could be expected to cause approximately the same rise of blood pressure 
as that due to the standard was then injected. The following order of 
injections was observed : a, a, b, a, b, a, a (standard=a, unknown ex- 
tract 

Estimation of antidiuretic potency. Burn’s [1931] rat method was used 
with slight modifications. The rats received water up to 2 hr. before the 
subcutaneous injection of the post-pituitary extract. A curve relating the 
dose of antidiuretic principle to the time elapsing before maximal rate 
of excretions occurs was constructed by injecting 15-20 groups of rats 
with a series of doses of the standard hormone solution (pitressin). 
Results obtained with the unknown solutions are related to this curve. 
For every estimation of an extract of unknown strength one or two 
control groups of rats were injected with appropriate dilutions of the 
standard. If gross deviation from the standard curve occurred, all 
groups of rats in actual use were restandardized. Several dilutions of an , 
unknown extract were used for the estimation of its potency, to ensure 
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340 
their coming within the range of the maximum sensitivity of rats to 
subcutaneous injections of the antidiuretic factor, i.e. between 1 and 6 
milliunits per 100 g. rat [Heller & Urban, 1935). 

Estimation of oxytocic potency. The guinea-pig uterus method was 
used [Dale & Laidlaw, 1912]. The order of injection was a, a, b, b, a 
(standard solution =a; unknown solution =)). 


RESULTS 
‘The destruction of the antidiuretic and the vasopressor activities of 
post-pituitary extracts at 99° C. and various values of pH are shown in 
Table I. 


Taste I. The destruction of the antidiuretic and the vasopressor activities 
of post-pituitary extracts at 99° C. and various values of pH 


Antidiuretic principle asopressor principle 
(A) (V) Ratio A/V. 
A Activity of V 
Time of Time of left 
heating, Activity heating, Activity i as percen 
pH min. min. Ratio A/V of A left 
057 §=120 6-14 0-43* 90 30+ 0:13 
180 11-34 2-90 180 43+ 1-20 266+0-006¢ 100/37-6 
2-0 180 4374+ 530 200 30-0 +12-00 
300 495 300 68+ 1:85 4-35 +-0-230 100/23-0 
3-0 270 88-5 270 15-0+ 7-10 2-57 0-216 100/39-5 
5-0 210 17-24 1-10 140 280 
6-4 240 181+ 5-4 240 40+ 270  458+0-234 100/21-8 
8-0 180 19-1+ 0-50 180 0:37 1:55+0-001. 100/666 
| 300 97+ 0-43 300 11+ 0-21 9°25 +0-044 100/10-8 
10-0 60 17-34 3-10 60 18+ 0-43 9-90+0-307 100/10-1 
0-85 90 09+ 057 12-62+40-342 100/ 7:9 
* Standard error. + Standard error of ratio. 


Adams [1917], Gerlough [1930] and Gaddum [1930] showed that the 
thermal decomposition of the oxytocic principle can be conveniently 
expressed in terms of a first order reaction, i.e. k=[1/t 2-3 log (a/a—z)], 
where a=initial concentration of hormone, and «=amount destroyed 
in the time ¢. The equation requires the independence of the constant k 
from ¢ at any given value of pH. The velocity constant & for the anti- 
diuretic and the vasopressor activity was, therefore, determined in 
several instances for different times at the same pH. Since the differ- 
ences between the values of & after different periods of heating are not 
larger than can be expected from the error of the methods of assay, 
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and since they are distributed in an irregular manner the use of the 
equation was adopted for the present investigation. 

The values for & are significantly different for the antidiuretic and 
the vasopressor activity at all the pH values used. Moreover, the values 
of k for the antidiuretic factor are consistently lower than those for the — 
vasopressor factor. & in Figs. 1 and 2 is represented by log 1/k so that 


2-4 


0 ! 2 3 4 5 6 7 8 9 io 
pH 

Fig. 1. Comparison between the rate of thermal decomposition of the antidiuretic and 


vasopressor principles of the posterior pituitary gland between pH 0-57 and 10-0. 

Abscissa, pH. Ordinate, log 1/k, where & is the rate of destruction at 99° C. An in- 
crease of log 1/k signifies an increase of stability. The duration of heating does not 
affect the value of k. The values of k shown at pH 2-0, 8-0, and 10-0 include obser- 
vations obtained at various periods of heating. ——— Antidiuretic principle. -—-— Vaso- 
pressor principle. The vertical lines indicate the standard error. 


an increase of log 1/k signifies an increase in stability. Fig. 1 shows the 
stability curves of the antidiuretic and the vasopressor activities between 
pH 0-57 and 10-0; the antidiuretic principle being more stable over 
the whole range. The rate of destruction of both principles is not 
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much altered by shifts of the hydrogen-ion concentration between 
pH 5-0 and 8-0. The maximum stability for the antidiuretic as well as 
for the vasopressor principle is in the region of pH.3-0, i.e, in the same 
region as that of the oxytocic hormone. The general shape of the stability 
curves for the oxytocic and the antidiuretic vasopressor fraction is, 
however, widely different (Fig. 2). The antidiuretic and vasopressor 
factors are much less sensitive to shifts of the hydrogen-ion concentration 


i i i i i i i i 


0 ! 2 3 4 5 6 7 8 
pH 
Fig. 2. Comparison between the rate of thermal decomposition of the antidiuretic principle 
and the oxytocic principle of post-pituitary extracts. Abscissa and ordinate have the 
paper by Gerlough [1930). 


- than the oxytocic hormone. J udging from the stability curves the 
oxytocic principle should be more stable in the region of pH 2-0 to 
45, but less stable than the other principles at very high and very 


low hydrogen-ion concentrations. The rate of decomposition of the _ 


oxytocic factor at three values of pH was determined to check this 
conclusion. The determinations (Table II, last column) were only approxi- 
mate, as sufficient experimental data of other authors [Gaddum, 1930; 
Gerlough, 1930] are extant. The values for a—z (= percentage of activity 
left) for the antidiuretic and the vasopressor factors in Table II are the 
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same as in Table I. The corresponding figures for the oxytocic principles 
were calculated with the help of Gaddum’s nomogram (Table II, pen- 


ultimate column). Direct observations were made for more con- 
venient times (Table II, last column). The results leave no doubt about 


Tazz II. A comparison between the rates of destruction of the antidiuretic, the vaso- 


concentrations. (Temperature = 99° C.) 


Anti- 
Time of left %.  Timeof Activity 
heating, Direct ob- ob- Caleu- heating, left 
min, servations servations lated min. % Author 
006 180 11-5 0-01 30 20-0 Abel & 
30 225 Heller 
270 38-5 15-0 66-0 240 86-0 Gerlough [1930] 
| 270 90-0 pe 9] 
240 16:3 3-9 27 80 17-6 a 
120 10-0 Heller [1 


the above-mentioned differences in the stability of the oxytocic and the 
other post-pituitary factors. 

The difference in the stability of the antidiuretic and the vasopressor 
principle is much the same at all values of pH between pH 0-57 and 10-0, 
but probably somewhat greater at the alkaline end of the scale. The 
differences in the thermal stability of the two principles can be used to 
procure solutions of the antidiuretic principle which are practically free 
of vasopressor activity. By boiling pitressin for 90 min. at pH 10-0 
solutions can be obtained which contain only about 8 parts of the vaso- 
pressor principle to 100 parts of the antidiuretic factor (see Table I). 

Such solutions were assayed on normal human beings as well as by 
the standard test on rats. The subject drank 100 c.c. of water per sq. m, 
body surface every 15 min. until a “plateau” of excretion was 
established. The freshly prepared solution of the antidiuretic principle 
was then injected subcutaneously. Urinary volume, specific gravity and 
urinary chlorides were determined at intervals of 15 min. The subject 
had previously been standardized with series of doses of “pitressin”’, i.e. 
with a post-pituitary preparation containing equal proportions of anti- 
diuretic and vasopressor activity. The values of a—x (=percentage 
activity left) for the experiments on human subjects amounted to about 
12-56% as compared with 11-9% in the rat experiments. Fig. 3 (I) shows 
the effect of a dose of the “purified” antidiuretic factor where a—« was 
assumed to be 10%. A comparison with the effects of the corresponding 
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Fig. 3. The effect of » preparation of the “ purified” antidiuretic principle on the water 


diuresis and the urinary chlorides of a normal human subject. Abscissa, time in min. 
urine flow in (x——— x). Cl, chloride concentration as mg./100 (o-—-0). 
Sp. G, specific gravity of urine ( x --- x ). The subject was a healthy male (33) with a 
body surface of 1-9 sq. m. 

I (3. iv. 39), At A, 0-29 c.c. of & preparation of the “ purified” antidiuretic prin- 
ciple containing the equivalent of about 10 milliunits pitressin in 0-1 c.c. was injected 
subcutaneously. | 

IT (5. iv. 39), At B, 0-29 c.c. of a solution of pitressin containing 10 milliunits 
per 0-1 c.c. were injected subcutaneously into the same subject as in Exp. I. 
| III (7. iv. 39). At C, 0-29 ¢.c. of a solution of pitressin containing 1 milliunit per 

0-1 ¢.c. were injected subcutaneously into the same subject as in Exps. I and II. 
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dose of pitressin (Fig. 3 (I11)) shows that the “purified” antidiuretic 
factor preparation contains rather more than 10%, of the original anti- 
diuretic activity of “pitressin”. Previous experiments on cats have 

shown that such preparations contain less than 1% of the original — 
pressor potency (Table I)..The ratio of antidiuretic to vasopressor 
potency is therefore roughly 10 to 1. Preparations of the “purified” 
antidiuretic principle have the typical action of crude post-pituitary 
extracts on water diuresis and on the concentration and the total 
excretion of urimary chlorides. These actions are not due to the “con- — 
tamination” by the vasopressor principle. An injection of the amount of — 
pitressin corresponding to the “contaminating” amount of vasopressor _ 
principle has no effect on water diuresis or chloride excretion (Fig. 3 (III)). 


Discussion 


Different rates of thermal inactivation for the oxytocic and for the 
antidiuretic-vasopressor fraction of post-pituitary extracts were to be 
expected. The comparative ease with which these principles can be 
separated by fractional precipitation [Kamm et al. 1928; Stehle, 1933] 
and by differential adsorption indicates a different chemical constitution 
of the active principles as do the results of chemical analyses of highly _ 
purified preparations of the two fractions [Stehle & Fraser, 1935; 
Du Vigneaud, Sealock, Sifferd, Kamm & Grote, 1933]. The data 
presented in this paper show, as expected, marked differences in the 
stability of the oxytocin and vasopressin fractions, the former being 
the more stable between pH 2-0 and 4-5, but less stable outside this 
range. The pH must, therefore, be specified if a statement about the 
relative stabilities of these active principles is to be significant. 

Several hints have appeared suggesting the existence of separate 
antidiuretic and pressor hormones in the pituitary gland. Bylsma, Burn 
& Gaddum [1928], for example, found the relative activities of the 
antidiuretic, pressor and oxytocic principles to be different in four 
commercial extracts. Kamm, Grote & Rowe [1931] report the preparation 
of a “derived” antidiuretic, practically non-pressor substance from post- 
pituitary extracts. The details of their process of preparation are, how- 
ever, not given. Several authors [Zondek, 1935; Sulzberger, 1933; Turner, 
1936; Béttger, 1936; Fraser, 1936] claimed for their preparation of 
the melanophore (erythrophore) hormone an antidiuretic effect without 
the corresponding pressor activity. Several explanations of these findings 
seem to be possible: (1) The vasopressor substance was originally present. 
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in the anterior and the intermediate lobes (from which they prepared 
their extracts) but was destroyed or separated fromthe antidiuretic 
factor by the chemical processes employed for the isolation of the 
melanophore hormone. (2) The antidiuretic but not the vasopressor 
‘principle is formed by cells of the intermediate and the anterior lobe. 
(3) Post-pituitary hormones diffuse into other parts of the gland and the 
antidiuretic factor is preferentially bound. An accumulation of an anti- 
diuretic non-pressor substance in the anterior lobe is also suggested by 
the work of Richards & Downes [1935]. The data obtained by Noble, 
Rinderknecht & Williams [1938] in a case of suggested hypérfunction of 
the posterior pituitary show that an antidiuretic substance is excreted 
in the urine much in excess of a pressor principle. In view of these 
findings both the antidiuretic and the pressor assay were used in the 
present series of experiments to test the stability of the antidiuretic- 
vasopressor fraction. The results show a different measure of stability 
for both activities at all values of pH investigated. The distribution of 
the differences throughout the whole range of hydrogen-ion concéntra- 
tions was uniformly in one direction, i.e. the vasopressor activity was 
always more quickly destroyed than the antidiuretic factor. Extracts 
can thus be obtained which exhibit approximately 8 parts of pressor — 
to 100 parts of antidiuretic activity. Such preparations have the typical 
action of post-pituitary extracts on the water diuresis and on the con- 
centration and total excretion of urinary chlorides. These results suggest 
the presence in the vasopressin fraction of two chemically very similar 
principles which, however, hydrolyse at different rates. The difference is 
possibly due to the blocking of hydrolysis by the different constitution of 
a — in the molecule of the antidiuretic factor. 


SUMMARY 


1. The stability of the antidiuretic and vasopressor activities of 
post-pituitary gland extracts at hydrogen-ion concentrations ranging 
from pH 0-57 to 10-0 has been determined. The stability of the oxytocic 
principle was investigated within a more limited range of pH. 

2. The oxytocic principle i is less stable than the antidiuretic or vaso- 
pressor activity in the region of strong acidity and strong alkalinity. 
It is, however, more stable than those activities in the region of pH 2-0 
to 4-5 (Fig. 2). 

3. The antidiuretic factor is more stable than the vasopressor factor 
at all pH values between 0-57 and 10-0 (Fig. 1). 
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4, By making use of the different stability of the antidiuretic and vaso- 
pressor principle, preparations were obtained which contained only about 
8 parts of pressor activity to 100 parts antidiuretic activity (Table 1). 

5. Such preparations have the typical action of post-pituitary 
extracts on the water diuresis and on the urinary chlorides of normal 
human subjects (Fig. 3). . 

6. It is suggested that the antidiuretic and the pressor actions of 
post-pituitary extracts are due to two chemically different principles. 


I should like to thank Dr R. Kempthorne for his help in the experiments on human 
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THE PERIPHERAL ACTION OF TETANUS TOXIN 


By A. M. HARVEY! ay 
National Institute for Medical Research, Hampstead, London, N.W.3 


(Received 19 June 1939) 


It was noted very early in the experimental work on tetanus toxin that 
when one of the extremities of an animal received an injection of the toxin 
subcutaneously, intramuscularly or intraneurally, the limb became 
rigidly extended after an interval of 1-4 days. This rigidity was found to 
occur in the absence of other manifestations, and, if the dose injected was 
not too large, the muscles eventually regained their normal state. This 
interesting phenomenon has been called local tetanus, and it can hardly 
be distinguished from the unremitting closure of the jaws which is so 
characteristic of the generalized disease in man. 

_ Meyer and his co-workers [1903, 1916] believed that this state of 
continuous, but strictly localized, rigidity was brought about by the 
action of the toxin on central neurons, just as are the tactile reflex spasms 
and convulsions of the more generalized form of the disease. They sup- 
posed that the toxin was carried in the motor axis cylinders to the motor 
neurons of the central nervous system after its absorption by the motor 
nerve terminals of the skeletal muscles. These conceptions were quite 
_ generally accepted until the recent series of experiments carried out by 
Abel and his colleagues [cf. Abel, Firor & Chalian, 1938], which show 
quite clearly that there is no evidence that tetanus toxin reaches the 
central nervous system by any way other than the blood stream. In their 
view, the symptoms produced by tetanus toxin are due to a twofold 
action: (1) a peripheral action, in the region of the motor end-plates of 
the muscles, which the injected toxin reaches directly, resulting in an 
enduring, local muscular rigidity; and (2) a fixation to the anterior horn 
cells of toxin, reaching them through the circulation, resulting in the 
appearance of reflex motor tetanus without any constant rigidity. A full 
account of this controversy and the experimental facts relating to it may 
be found in the many papers from Abel’s laboratory. 

* Fellow of the Rockefeller Foundation. 
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Gumprecht [1894] concluded that local tetanus was a central effect, 
since the rigidity disappeared after the motor nerve was cut, and 
Ranson [1928] similarly found that it disappeared within 5 days after 
nerve section. That tetanus would not develop in a muscle, whose motor 
nerve had been cut beforehand and allowed to degenerate, was first 
observed by Courmont & Doyon [1899]. Gumprecht also pointed out 
that the response of the muscle, both to nerve stimulation and to direct 
excitation, was reduced when the continuous rigidity was present. No 
clear-cut evidence has yet been presented of the exact nature of this 
localized rigidity ; whether it is a contraction due to impulses propagated 
along the muscle fibres and accompanied by oscillatory action potentials, 
or a contracture due to localized, non-propagated activity in the muscle 
fibres. Using the string galvanometer, most of the earlier investigators 
found no action currents accompanying local tetanus, either in man or in 
experimental animals [Frohlich & Meyer, 1916; Semerau & Weiler, 1918; 
Lilestrand & Magnus, 1919]. Action-potential changes recorded by 
Fujita [ef. Kuré & Shmosaki, 1924] disappeared when the motor nerve 
was cut. Keller [1927a, 6] also observed oscillatory potential changes, 
even when the animal was under deep ether anaesthesia or decerebrate, 
but in his experiments the muscle retained its connexions with the 
central nervous system. 

The action of curare in this condition serves to localize the lesion to 
the region of the motor end-plates or nerve endings. Bremer, Titeca & 
Meeren [1927] showed in the rabbit that local tetanus of recent origin, 
and of extreme degree, could be completely abolished by 0-2-0-3 mg. 
of curare given subcutaneously. Interest in the use of curare for the 
treatment of tetanus in human beings, first described by Hoche, has 
recently been revived by West [1936]. It is noteworthy that the 
generalized convulsions of experimental tetanus in rabbits can be reduced 
in violence by the administration of curarine, but their number is not 
decreased unless doses which produce almost complete paralysis are given 
[Florey, Harding & Fildes, 1934]. . 

Because of the long incubation period accompanying the action of 
this toxin, no direct experimental proof of the peripheral action has yet 
been advanced. No satisfactory functional examination of the muscles 
in local tetanus has yet been made. It seemed desirable to reinvestigate 
the condition with more modern myographic, electromyographic, and 
pharmacological methods. Direct proof has thus been obtained of the — 
peripheral action and evidence concerning its nature. A preliminary — 
report of this work has already appeared [Harvey, 1939]. 
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METHODS 


In these experiments the method devised by Abel [1934] for ilies 
a long-lasting local tetanus with very small doses of toxin has been used. 
The toxin (no. 641B), kindly supplied me by Dr W. M. Firor, contained 
in 1 c.c. 14,000 guinea-pig L.p. 50. One two-hundredth to one-fiftieth of 
the lethal dose for the cat, in 1 c.c. of 09% saline solution, was injected 
at 30-40 points into the tibialis anterior muscle of the cat, under ether or 
nembutal anaesthesia, by means of a small hypodermic needle. 

For the acute experiments, the cats were decerebrated under pre- 
liminary ether anaesthesia, and the tibialis anterior muscle was prepared 
for arterial injections and for recording by the method described by 
Brown [1938]. Muscular contractions were recorded with an isometric 
lever of the flat spring type, either optically, or on a smoked drum by a 
light aluminium lever. The sciatic nerve, previously ligated high in the 
thigh, was left in position, and was stimulated through shielded electrodes. 
The stimuli were slightly supramaximal condenser discharges, timed by 
means of a gas discharge tube. For direct stimulation of the muscle a 
silver pin was pushed through the tendon, the drill piercing the condyles 
of the femur serving as the other electrode; in this instance, the stimuli 
were break induction shocks, timed by a Lewis rotating contact-breaker. 
In the experiments in which optical records were made, the stimuli to the 
_ nerve or muscle were delivered by a Lucas pendulum. 

The lead-off electrodes for the action potentials were either silver pins, 
the earth lead being pushed into the belly of the muscle and the grid 
lead into the tendon, or a concentric needle electrode of the type 
described by Adrian & Bronk [1929] in the belly of the muscle. The 
action potentials were amplified by two or three resistance capacity- 
coupled stages, and recorded by a Matthews’ oscillograph or a cathode- 
ray oscillograph. 

The muscle temperature was measured by means of a needle thermo- 
couple, the junction being steel and constantan wire. The cold junction 


was surrounded by melting ice, and the current was measured with a | 


microammeter, calibrated to read in ° C. 
Acetylcholine solutions were always freshly prepared in acid saline at 


pH 4, and those of eserine sulphate in a similar manner. The injected 
_ volume was always 0-25 c.c. 
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REsvtts 
Tha relation ofthe meres supply to the development ond 
maintenance of local tetanus | 


When a5 to yg of the lethal dose of toxin is injected i in the manner 
described, a sustained and extremely firm rigidity of the tibialis anterior 
and of many of the surrounding muscles, including the gastrocnemius, 


develops within a period of 3-4 days. The leg is then quite stiff at the 


ankle joint, and is held off the ground. The animal gives no evidence of | 
pain when the leg is touched, and external stimuli do not have any effect — 
on the degree of rigidity. This local tetanus may persist for several 
months, but, if the dose has not been too great, the animal finally regains 
its ability to use the muscles normally. The effect of the toxin is usually 
perceptible about 24 hr. after the injection, and before any permanent 
rigidity appears the muscles show persistence of activity on voluntary 
movement, and a well-defined clonus upon dorsiflexion of the foot. 

The temperature changes in these muscles is very striking, and even 
to ordinary touch they feel, through the skin, very much warmer than 
those of the normal leg. When measurements are made with a needle 
thermocouple thrust into the muscle, the animal being under nembutal 
anaesthesia, this difference in temperature is found to be as = as 


_2-3° C. when the local tetanus is fully developed. 


Section of the mixed nerve to the muscle decreases the rigidity slightly, 
probably because the proprioceptive impulses arising in the muscle itself 
are cut off. Complete relaxation, however, does not occur until 3-5 days 
later, when the nerve endings have had time to degenerate. On the other 
hand, the injection of tetanus toxin into a muscle, of which the motor 
nerve has been previously cut and allowed to degenerate, produces no 
perceptible effect. These effects of nerve section have always been 
thought to exclude the possibility of the toxin having a direct peripheral 
action, but the following type of experiment demonstrates clearly that 
local tetanus can develop in a muscle, even when the nervous connexion 
with the central nervous system has been severed: 

Cat 2:9kg. 29 Nov. 1938: Under nembutal anaesthesia z$5 of a 
lethal dose of toxin was injected at 30 points into each tibialis anterior. 
30 Nov, 1938: The right sciatic nerve was cut high in the thigh exactly 
24 hr. after the injection of the toxin. 1 Dec. 1938: There is beginning 
rigidity of both legs, with marked clonus on passive movement or stretch- 
ing. This is slightly less on the right side (there is no reflex activity on this 
side). 2 Dec. — Both legs now show definite local tetanus of the 
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tibialis anterior and the gastrocnemius, but the left leg is more rigid than 
the right. 3 Dec, 1938: The right leg is almost completely flaccid, while 
there is extreme rigidity of the left. 

“The interpretation of these various experiments, which in themselves 
leave no doubt of a peripheral action of tetanus toxin, will be considered 
in the discussion. 


Fig. 1. Cat, 2-6 kg., decerebrate, isometric contractions at 10 sec. intervals of tibialis 
2 anterior muscle into which ,}, lethal dose tetanus toxin injected 5 days previously. 
A. At arrow change from maximal motor nerve volleys to maximal direct stimuli. 
B. Maximal motor nerve volleys. At arrow maximal motor nerve tetanus at 50 per sec. 
for 12 sec. : 


The response of the muscle to nerve stimulation and to direct excitation, 
A muscle which has been injected with tetanus toxin gradually loses its 
ability to respond to maximal stimulation of its motor nerve (Fig. 1). 
After a period of 4-5 days, the indirect twitch is only 50-60% as strong 
as that evoked by maximal direct stimulation of the muscle, the tension 
in the latter case being stiil almost as great as that developed by direct 
stimulation of the opposite and normal muscle. Two or three weeks after 
the injection, the response of the muscle to nerve stimulation is either 
very small or absent, and at this time the tension evoked by direct 
excitation is also considerably reduced. The direct twitches, though 
reduced in tension, always have a relatively normal appearance, the 
_ twitch-tetanus ratio not being reduced, and the tension developed by a 
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- tetanic response being well maintained as long as the stimulation is 


continued (Fig. 1B). 

The potentiation of the twitches following a period of tetanic stimula- 
tion [Brown & Euler, 1938] is quite normal (Fig. 1B). In many. experi- 
ments there was a slow continuous development of tension, following a 
tetanic contraction, which lasted often for 20-30 sec., and during this the 


twitches in response to nerve stimulation were a little depressed. Both of 
_ these effects are seen also with direct excitation of the muscle, at a stage 


when the twitches evoked by motor nerve volleys are very small or 
absent. 


| 


Fig. 2. Cat, 2-9 kg., decerebrate. Spontaneous activity in tibialis anterior after injection 
of y}, lethal dose of tetanus toxin 23 days previously. Concentric needle electrodes. 
Sciatic nerve cut high in the thigh 30 min. before. A and B taken 5 min. apart with 
electrodes in same position. Time 0-5 sec. 


The electrical response of the muscle 

In the decerebrate animal, in which the central connexion of the motor 
nerve to the tibialis has been severed, a considerable degree of rigidity 
still remains. When concentric needle electrodes are passed through the 
skin into the muscle, oscillatory potential changes of varying frequencies 
and rhythms can be recorded (Fig. 2). The amount of spontaneous 
electrical activity varies from moment to moment. A group of fibres may 
respond at a rate of 1 per sec. for several minutes, and then suddenly 
increase its speed to 100 or 150 per sec. The activity may then cease for 
iong periods. In other words, groups of fibres are intermittently active, 
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and during the periods of activity may show rapidly changing rates of | 


discharge from 1 to 150 per sec. The potential changes are not like those 
accompanying the response of the fibres in a motor unit, but are similar 
to those recorded from the irregular fibre responses in a muscle none 
motor nerve has been cut and allowed to degenerate. 

In the decerebrate preparation with the motor nerve intact, this 
electrical activity is much greater, on account. of the reflex activity of the 
proprioceptive end-organs in the muscle. The electrical activity in response 
to stretch is then much greater than in the normal muscle, as is also the 
degree of response evoked by shifting the position of the needle electrode 
within the muscle. The normal muscle in the relaxed state was found to 
be electrically “silent”, even with the motor nerve intact, when, under 
similar conditions, the ‘eee in local tetanus was the seat of intense 
‘spontaneous activity. 


Fig. 3. Same experiment as Fig. 2 A. Onset of motor nerve tetanus at 60 per sec. for 7 sec. 
_ For previous 30 sec. almost no spontaneous activity. B. End of tetanus followed by 
increase in spontaneous discharge. C. 30 sec. later. Time 0:5 sec. 


The effect of repetitive stimulation of the cut motor nerve upon this 
spontaneous activity of the muscle is very striking (Fig. 3). As soon as 


activity, accompanied by an irregular twitching of the muscle fibres, 
which is readily visible in the mechanieal record and on inspection of the 
surface of the muscle. This increased activity after repetitive stimulation 
of the nerve continues at a high level for periods up to 1 min., and then 
gradually wears off. 

The action potential in response. to stinndation of the cut motor nerve. 
The action potential of the whole muscle, with belly to tendon leads, in 
response to a single nerve volley, has a double-spiked negative deflexion, 
which contrasts with the clean cut, single deflexion of the normal tibialis 


the stimulus is stopped, there is an outburst of asynchronous electrical 


anterior. The potential of the negative deflexion is usually quite small, 
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> in one instance’ being only 14 mV., in contrast to a potential change of 
26 mV. in the normal muscles of the same cat. When two nerve volleys 
are set up at intervals between 10 and 200 msec. apart, the relative sizes 
_ of the responses were the same as in a normal muscle. 


Fig. 4. Cat, 29 kg., decerebrate. Tibialis anterior. ,}, lethal dose of tetanus toxin injected 
7 days previously. Concentric needle electrodes. A. Response to a single maximal 


motor nerve volley. B. eee 
3 msec. apart. Time 10 msec. 


Because of the peculiar shape of these potentials, and the fact that 
some of them were apparently repetitive in nature, records were taken, 
using concentric needle electrodes. The use of this more localized lead 
clearly reveals the repetitive nature of the response of the muscle to a 
single nerve volley. Oscillatory potential changes may persist as long as 
25 msec. after the beginning of the electrical response, even in a muscle 
in Which the tension response was greatly reduced (Fig. 4A). When two 
nerve volleys are set up at a short interval apart, the duration of the 
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repetitive discharge is increased, as might be expected from the effects — 


of tetanic stimulation on the spontaneous discharge described above 
(Fig. 4B). This effect is greatest when the interval is about 50 msec. _ 


The action of curarine 

Although the action of curare in relation to the effects of tetanus 
toxin has been known since the work of Brunner [1892], its importance 
has never been sufficiently emphasized. The spontaneous electrical 
activity and rigidity of the muscle in local tetanus can be abolished by 
the administration of curarine intravenously to the decerebrate animal 
in doses which do not eliminate the response of the muscle to stimulation 
of the motor nerve. Partial curarization of the animal greatly reduces the 


duration of the repetitive potential activity, but the effective dose is one 


which results in a considerable reduction of the tension developed by the 
motor nerve twitch. That this repetitive response to a single nerve volley 
is due to some change in the process of neuromuscular conduction, or in 
the activity of the nerve endings in the muscle, and is not the result of an 
alteration in the response of the muscle fibres themselves, is shown by the 
fact that it is not present in the action potential of the completely 
- curarized muscle when excited directly. It is very difficult in records 
taken with concentric needle electrodes, using direct excitation of a 
muscle of this size, to be certain of the differentiation between stimula- 
tion artefact and action potential. However, in the records taken before 
and after curarization, the difference is distinct enough to be reasonably 
certain that the repetitive discharge is no longer present in the fully 
curarized muscle. | 


The effect of acetylcholine by close arterial injection 3 

_ When an injection of 5-10yg. of acetylcholine is made into a muscle in 
local tetanus there is an initial quick twitch-like response similar to that 
seen in normal muscle [Brown, Dale & Feldberg, 1936; Brown, 1937], but 
instead of immediately relaxing, the tension gradually decreases over a 
period varying from 10 to 30 sec. (Fig. 5). In many of the records there 


is, after the first contraction, a second increase in tension quite like that — 


seen in a denervated muscle. During the period of response to acetyl- 
choline the muscle contractions evoked by motor nerve stimulation are 


usually greatly depressed. The maximum tension reached by the twitch-. 


like response to this drug is usually many times greater than that resulting 


from a maximal motor nerve volley. This shows that the reduction by 
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tetanus toxin of the response to nerve stimulation is not of the same 
~ nature as that produced by the administration of curarine. 


Fig. 5. Cat, 2-4 kg., decerebrate. Left tibialis 9 days after injection of ,4, lethal dose of 
tetanus toxin. A. Maximal motor nerve volleys at 10 sec. intervals. At arrow 10ug. 
acetylcholine intra-arterially. B. Maximal direct stimuli every 10 sec. At arrow 5yg. 
acetylcholine. C. Right tibialis anterior, normal. Maximal motor nerve volleys at 
10 sec. intervals. At arrow 10u¢. acetylcholine. 


Fig. 6. Cat, 29 kg., decerebrate. Tibialis anterior 7 days after local injection of ,}, lethal 
dose of tetanus toxin. Acetylcholine 5yg. intra-arterially. Time 0-5 sec. 


When the action potential of the response to acetylcholine is recorded 
by concentric needle electrodes, it is seen that there are oscillatory 
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response (Fig. 6). Thus, the reaction to acetylcholine in these muscles is 
a prolonged response, but othérwise-similar in nature to that seen in 
normal muscle. In some of these acetylcholine contractions, however, 
there may be an element of contracture, particularly when the local 
tetanus is one of long standing. , 

The duration of the acetylcholine response is greatly prolonged by the 
administration of eserine (Fig. 7). In this figure it is seen that the 
superimposed twitches in response to nerve volleys are greatly depressed. 


"Fig. 7. Cat, 2-4 kg., decerebrate. Tibialis anterior 28 days after injection of J, lethal dose 
tetanus toxin. Maximal motor nerve stimuli at 10 sec. intervals. At arrows 10yg. 
acetylcholine intra-arterially. Between A and B 25yg. eserine intra-arterially. 


There is almost certainly an element of contracture in such a case, and 
the mechanical effect very closely resembles that seen in a muscle whose 
motor nerve has been cut and allowed to degenerate. 


The effect of eserine 

In view of the very unusual response of the muscle in local tetanus 
to injected acetylcholine, and its repetitive response to a single nerve 
volley, it was of interest to observe its reaction to eserine, which also 


tetanic response (Brown e¢ al. 1936). 

In the muscle in local tetanus, 25g. of eserine administered intra- 
arterially caused a slight increase, or none, in the tension of the single 
nerve twitches, while the same dose in the opposite normal leg may 
almost double the tension developed in response to a single nerve volley 


potentials present throughout the greater part of the prolonged mechanical 


converts the single twitch of the normal muscle into a brief, declining 


(Fig. 8). The degree of eserine potentiation seemed to diminish in pro-- 
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~ portion to the duration of the local tetanus, but not enough experiments 


‘4 were done to be certain of this point. 


When action potential records are taken with concentric needle 
electrodes, eserine causes a slight increase in the amount of repetitive 
discharge in response to a nerve volley, but not nearly as much as appears _ 
in the normal leg receiving the same dose of the drug. A similar contrast — 
is seen when eserine 0-3 mg./kg. is given intravenously. This dose produces 
generalized muscular twitchings, but apparently has no effect on the 
spontaneous activity of the muscle injected with tetanus toxin. 


Fig. 8. Same experiment as Fig. 5. A. Maximal direct stimuli at 10 sec. intervals. Left 
_ tibialis anterior with local tetanus. B. Maximal motor nerve volleys at 10 sec. intervals. 
Right tibialis anterior, normal. At arrows 25yg. eserine intra-arterially. 


Discussion 


Though the researches of Abel and his co-workers had shown clearly 
that local tetanus was not due, as had been supposed, to the spread of 
toxin by the motor nerve fibres to the corresponding motor nerve cells in. 
the spinal cord, they had provided no direct proof of the alternative 
peripheral action on the muscles to which the toxin had direct access, 
and no data concerning the mechanism of such a local effect. 
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Ranson [1928] had shown, indeed, that the rigidity of the muscles, 


after local injection of the toxin into them, persisted for some days after 
section of their motor nerves; in my own experiments also it has still been 
recognizable for 3-5 days after such nerve section. On the other hand, 
since the appearance of the local tetanus had not been observed when 
the toxin was injected after the nerve section, it was natural to suppose 
that functional connexion with the spinal cord was necessary for the 
development of the tetanus, even though the condition persisted for some 
time after this connexion had been severed. My own experiments exclude 
such an interpretation, and show that the determining factor is the 
integrity of the motor nerve endings, and not’ connexion with the spinal 
cord. I have shown that, if the toxin is-injected into the muscle soon 


enough after the nerve has been cut, the rigidity is still produced, though _ 


it fades and disappears at the time when the motor nerve endings lose 


their transmitting function, and when the muscle fibres are functionally — 


intact. This location of the effect at the nerve endings is confirmed by the 
action of curarine, which immediately abolishes the rigidity, before or 
after section of the nerve, leaving the muscle fibres normally responsive 
to direct stimulation. 


There were facts, indeed, which appeared to support the earlier 


attribution of local tetanus to abnormal excitability of the motor nerve 
cells. In general tetanus in which the toxin is carried in sufficient con- 
centration by the blood, the effect on the nerve centres must contribute 
to the total effect, though, as Firor & Jonas [1938] have shown, it is an 
action of a different type, producing by itself only a spasmodic reflex 


activity of the muscles innervated by the affected segments of the spinal 


cord, and not a persistent rigidity, When the toxin has been administered 
locally in excessive dosage, it is not improbable that a minor degree of 
the central action, due to carriage of toxin in the blood stream, often 
complicates the local effect on the muscle. Even with very small doses 
such as I used, impulses from the cord undoubtedly contributed to the 
local tetanus earlier in its development, section of the motor nerve 
causing at that stage an immediate weakening of the rigidity. Such an 
effect, however, also involves the action of the toxin on the motor nerve 
endings, which is clearly shown later to become the dominant factor in 


is fully developed. Even in general tetanus, involving muscles remote 
from the site where the toxin is produced or injected, the persistent 
contraction of muscles such as those closing the jaws, almost certainly 
involves an effect of the toxin on their motor nerve endings, of the kind 


the local tetanus, by the effects following nerve section after the condition — 
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here described, as well as on the corresponding motor nerve cells or 


synapses. 

Electrical records from single motor units show that the rigidity is 
not wholly due to a condition of contracture, the muscle fibres being 
involved in continuous, asynchronous, propagated contractions, with 
different and fluctuating rhythms. The effects following nerve section 
seem to indicate that the stimuli causing this activity arise somehow from 


the nerve endings. The condition is in several ways similar to that seen 


in an unpoisoned muscle in the earlier stages of the degeneration of the 
motor nerve after section, with the difference that the activity of the — 
muscle in local tetanus is much more intense, and sufficient to produce 
a definite tension. The response of the muscle in local tetanus to single 
motor nerve volleys is much reduced, even when, in the earlier stages, the 
response to shocks directly applied is not obviously diminished. The 
reduction is, therefore, not due merely to the refractory condition at any 
moment of a proportion of the muscle fibres. Electrical records with a 
localized lead show, however, that the diminished response to a single 
nerve volley is repetitive in its nature. On the other hand, it is not due 
to a curare-like block of transmission, for the tetanic response to repetitive 
stimulation of the nerve has a tension which, though lower than the 
normal, is well maintained. The response to injected acetylcholine also, 


which curare easily abolishes, is at least as great as normal, and is in some 


respects like that of a denervated muscle. After a period of tetanic — 
stimulation, through the nerve or directly, the muscle in local tetanus 


_ shows a great enhancement of its irregular activity. This effect is pre- 


sumably attributable to the lowering of the threshold of excitation at the 
motor end plates after a period of tetanus [Brown & von Euler, 1938] 
which apparently renders them also abnormally excitable to the irregular 
stimuli continuously affecting them in local tetanus. Eserine, on the 
other hand, produces in the muscle with well developed local tetanus 
practically none of its effects on the normal muscle; the weakened 
response to a single nerve volley which, as we have seen, is already 
repetitive in nature, showing little or no enhancement by any dose of 
eserine. In the repetitive response to a single volley, the condition of the 
muscle in local tetanus resembles, indeed, that of a muscle which has 
already been treated with eserine. 

On the conceptions of neuromuscular transmission hich have ri 
conventional until recent years, it would be difficult to find an interpreta- 
tion of the different features of the condition of local tetanus, as thus 
revealed. On the more recent suggestion that the transmission is mediated 

PH. XCVI. 24 


4 
i 
f 
“4 
4 
see, 
j 
She, 
J 
3 
¢ 
} 
AS 
on 
he 
a 
‘ 
: 
é 


362 ! A, M. HARVEY 


by the liberation by an impulse of a small charge of acetylcholine from 
the nerve ending, this acting as the direct stimulant of the muscle fibre 
at its motor end-plate, the observed facts can be brought into coherent 
relation if certain simple assumptions are made. Evidence obtained 
largely from the analogous case of the synapses in a ganglion [Brown & 
Feldberg, 1936; Kahlson & MacIntosh, 1939] shows that, when acetyl- 
choline is liberated from the depot at a nerve ending, it is replaced by 
synthesis, the quantity in the depot being normally maintained at a 
remarkably constant level. In a living system it may be supposed that 
such an equilibrium is dynamic, and that, even in the absence of discharge 
of impulses, acetylcholine would be always escaping from such a depot 
in small quantities and regularly replaced by synthesis. This small 
leakage, however, would normally be rendered ineffective as regards 
stimulating action, by the cholinesterase which is also deposited in close 
relation to the nerve endings [Nachmansohn, 1939; Briicke, 1937]. Such 
a balance could be upset in various ways. Eserine, by depressing the 


cholinesterase, would enable the normally leaking acetylcholine to persist _ 


long enough to produce irregular twitching of muscle fibres [Rosenblueth 
& Morison, 1937], and would cause repetitive response to the sudden 
discharge evoked by a nerve impulse [Brown et al. 1936]. The action 
of eserine, however, would not interfere with synthesis or deplete the 

— depot, so that the response to an impulse would be not only repetitive, 
but correspondingly increased in ténsion. The degenerative changes in 
synaptic endings, following early after nerve section of a preganglionic 
.nerve, cause disappearance from the synapses of both acetylcholine 
{MacIntosh, 1938] and cholinesterase [Briicke, 1937]. If the same happens 
after motor nerve section, we should expect the leakage of acetylcholine 
from the degenerating nerve endings, though not replaced by synthesis, 
to cause while it lasts fibrillary activity of the muscle, facilitated by the 
concurrent disappearance of esterase, which would also cause the muscle 
to become abnormally sensitive to injected acetylcholine. Both of these 
effects do, in fact, follow motor nerve section. We have seen that there 
are features of the condition of local tetanus recalling the effects of eserine, 
on the one hand, and those early following nerve section on the other. 
The irregular spontaneous activity of the muscle in local tetanus is, 
however, much more pronounced than that in eserine poisoning, or in 
early nerve degeneration, and it may be continued for months. On the 
other hand, the muscle in local tetanus shows a weakened, though 
repetitive response to a nerve volley, and some prolongation of its 
response to injected acetylcholine. Tetanus toxin might be supposed in 
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some way to affect the motor nerve ending, so that acetylcholine is 
liberated with abnormal readiness from its depot. There is reason to 


suppose [Kahlson & MacIntosh, 1939] that depletion of the depot leads 


immediately to accelerated replacement by synthesis which, at the lower 


level of storage due to the action of the toxin, would be continually 
in action. Under such conditions, acetylcholine would be continually 
leaking at an abnormal rate from a depot which would never be more than 
partially replenished. If we further suppose that the effect of the toxin 
on the nerve ending causes a lowering of the normal concentration of 
cholinesterase, we provide a scheme which satisfactorily summarizes 
the various features of the complex of effects seen in local tetanus. The 
constant accelerated leakage of acetylcholine from the nerve ending, 
maintained by unchecked synthesis, with weakened control of the effect 
of such leakage by cholinesterase, would maintain the persistent irregular 
activity of the muscle fibres which is the central feature of local tetanus. 
The concurrent depletion of the acetylcholine depots and weakening of 
the concentration of cholinesterase would render the response of the 
muscle to a single volley weaker, though at the same time repetitive. 
Degeneration of the nerve endings after nerve section would cause a 
gradual, curare an immediate, disappearance of the local tetanus; and 
the points of resemblance and of contrast between the conditions observed 
in local tetanus on the one hand, and those which occur in eserine 
poisoning and in the early stages of nerve degeneration on the other, 
would find ready explanation. As to the intimate nature of the action of 
the toxin on the nerve endings, the facts available afford no clue. The 
toxin might act on them as a continual irritative stimulus, or it might 
cause in them changes of the kind appearing early after nerve section, 
but not progressing beyond that point. It may be added that the location 
at’ the nerve endings, and not in the muscle fibres, of the effects of the 
toxin in producing local tetanus, may raise the question whether its 
action in the central gray matter is on the motor nerve cells, or on the 
synaptic endings of sensory fibres in auton to them. 


SuMMARY 


1. Local tetanus was produced in the tibialis anterior muscle of cats 
by the injection at a number of points of a total of g}q to xy of the 
lethal dose of tetanus toxin. 

2. The rigidity is not due to a central action of the toxin, but is 
dependent upon the integrity of the motor nerve endings 1 in the 
muscle. 
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3. It is caused by constant irregular contraction of the muscle fibres 
as shown by the oscillatory action potentials which can be recorded. This 
spontaneous activity is greatly increased by a brief tetanic stimulation of 
the motor nerve. 

4. During the early stages of a local tetanus there is a large reduction 
in the tension response to a maximal motor nerve volley, while the twitch 
evoked by direct stimulation of the muscle is normal. This is not due to 
a “curarization” as the tension response to a motor nerve tetanus is well 
maintained. 

5. The response to a single nerve volley is repetitive in nature, being 
a brief, asynchronous tetanus. 

6. The usual quick, twitch-like contraction of the muscle in response 
to acetylcholine is followed by a prolonged increase in tension lasting 
30-60 sec. 

4, Eserine has little or no potentiating effect on the nerve twitch 


tension and hardly increases the existing repetitiveness of the muscle 
action potential. 


8. These experiments afford direct experimental evidence of a 
peripheral action of tetanus toxin in the region of the neuromuscular 
junction. The possibilities concerning the nature of this action of the 
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A COMPARATIVE STUDY OF THE EFFECT OF THE 
INTERACTION OF IONS, DRUGS AND ELECTRICAL 


STIMULATION AS INDICATED BY CONTRACTION 


OF UNSTRIATED MUSCLE 


By INDERJIT SINGH | 
From the Haffkine Institute, Bombay; Indian Medical Service 
(Received 25 May 1939) 


THE experiments performed on Mytilus unstriated muscle [Singh, 1938<, 
b, ¢, d, e, f, 1939] have been extended to the unstriated muscle of frog 
stomach. The environment of the former is quite different from that of 
the latter, and it was deemed expedient to repeat on frog muscle some 
of the éxperiments performed on Mytilus muscle, in order to see whether 
some of the conclusions arrived at previously were of general applicability. 


METHODS 

The species used was Rana tigrina. The methods for electrical and 
chemical stimulation were as described previously. The standard solution 
referred to below as frog saline had a composition of 4 ¢.c. of 0-103 M 
CaCl,, 9 ¢.c. of 0-154 M KCl, 5c.c. of M/15 sodium phosphate at pH 7 
or borate at pH 8, with requisite amount of NaCl to render the solution 
isotonic, 0-154 M NaCl up to 100c.c. and water 20 or 38 c.c. In hypo-- 


_ tonic saline the muscle is more sensitive to chemical stimulation. 


In experiments relating to withdrawal contractions, the possible 
experimental errors [Clark, 1933] were avoided as far as possible; an 
isometric lever was used, and the experiments were controlled by changing 
the same solution several times. For example, it was found that merely 
changing the normal saline or an ammonium-rich saline by the same 
solution respectively did not result in a contraction, but contraction did 
occur if the ammonium-rich saline was replaced by normal saline. 
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RESULTS 

Similarities between the responses of frog and Mytilus muscles. In 
general the responses of frog muscle resemble those of Mytilus muscle, but 
there are important differences. The important similarities are as follows: 

(1) There are two kinds of contractions, tonic and phasic. The tonic 
contractions are produced by potassium, barium and the sodium salts of 
the anions chloride, bromide, nitrate, iodide, thiocyanate, cyanide. These 
tonic contractions are neutralized by increase in osmotic pressure, the 
response to A.C. being augmented. 


Fig. 1. Frog stomach muscle. The effect of osmotic pressure on the response to a.c. and the 
potassium contracture (the potassium contracture is first induced, so that the effect on 
the two responses can be simultaneously recorded). The muscle is in contracture 
produced by 0-022 M KCl, osmotic pressure of the saline that of 0-111 M NaCl and 
pl 8 (borate M/300). The first contraction in normal osmotic pressure, the second in 1-1 
times normal, third in 1-2 times normal, fourth in 1-3 times normal, fifth in 1-4 times 
normal and sixth in 1-5 times normal. The osmotic pressure was increased with sucrose. 
Note that the spontaneous contractions return as the osmotic pressure is increased. 
They were abolished by excess of potassium. 


Excess of potassium outside the muscle depresses the response to A.c. 
and the spontaneous contractions, the properties of which are those of the 
response to a.c. If the osmotic pressure is increased by addition of 
sucrose or sodium chloride, the potassium contracture diminishes, the 
_ Tesponse to A.C. is augmented up to a point and the spontaneous con- 
tractions revived (Fig. 1). The depressant effect of potassium is overcome 
by increase in osmotic pressure which increases the concentration of ions 
within the muscle fibres. It then appears that the actions of potassium 
inside and outside are antagonistic. This is significant in connexion with 
the fact that the effect of a.c. is antagonistic to that of potassium outside 
the muscle. On the restoration of original osmotic pressure, there is a 


stage of hyperexcitability to 4.c. and a stage of ~~ excitability to 
potassium before return to normal. 
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These effects resemble those of passage of a.c.; the latter also 
neutralizes tonic contractions. Before the excitability returns to normal 
after passage of a.c., there is a phase of hyperexcitability to a.c. and that 
of depressed excitability to potassium. It then appears that the passage 


- of a.c, in some way increases the concentration of potassium within the 


fibres. 


1¢ i i 
0°00148. 0°00296M@ 0°00444M 0°00592M 0°0074M 0-00888M 
CaCl, 

Fig. 2. Frog stomach muscle. The effect of calcium on the response to a.c. and the potas- 
sium contracture (as in Fig. 1). The first and second curves show the response to A.c. 
and potassium expressed as percentage of their respective responses in normal saline. 
The third curve shows the percentage of the potassium contracture neutralized by 4.c 


The other factor that neutralizes the tonic potassium contraction is _ 
excess of calcium (Fig. 2). Following a short a.c. stimulus (10 V.—10 sec.) 
the contractures produced by potassium and barium are neutralized. In 
the absence of calcium, this neutralization does not occur, suggesting 
that calcium may be liberated by a.c. stimulation. This is also suggested 
by the following experiment. If the concentration of calcium is increased, 
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the excitability to potassium is depressed. On the restoration of the 
original concentration of calcium, there is a stage of hyperexcitability to 
potassium before return to normal. Also, as a result of a short a.c. 
stimulus, the potassium contracture, which has been partly neutralized, 
increased above normal before return to normal (Fig. 3). Further, as a 
result of passage of a short a.c. stimulus, the response to .c. is also 
depressed for a few minutes. Calcium is one of the factors that affects the 
excitability to potassium and 4.c. similarly. 


Fig. 3. The effect of a.c. (10 V.—10 sec.) on the potassium contracture in frog muscle. The 
first response is produced in normal saline (osmotic pressure, that of 0-111 M NaCl, 
PH 8). The second response is the contracture produced by potassium (0-0222 M KC)). 
The third response by a.c. (10 V.—10 sec.). Note the neutralization of the potassium 
contracture following the a.c. stimulus, and the augmentation before return to normal. 


Two factors thus neutralize tonic contractions when 4.c. is passed; 
one is operative during the passage of the current only and the other 
persists for some time afterwards, and this is probably calcium. 

(2) With prolonged passage of a.c. the excitability to chemical 
stimulation is increased, and that to a.c. depressed, and if the ions 
outside are potent enough, this increased excitability culminates in the 
off-contracture on the cessation of the current. This view is supported by 
the fact that the off-contracture in frog muscle is produced only by high 
voltages (20-25 V.—10 min.) and, if excess of potassium is present just 
prior to the cessation of the current, the off-contracture is greatly 
augmented. In frog muscle no increase in excitability to potassium is 
produced during the passage of a.c. as it is in Mytilus muscle; this is 
probably connected with the excess of sodium chloride in the saline 
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surrounding the latter, which either increases the response to potassium 
or diminishes adaptation (see below). | 

(3) The action of small concentrations of adrenaline (1 in 104), 
_ acetylcholine (I in 10*), veratrine (1 in 10*—10*), caffeine (1 in 105), 
pilocarpine(1 in 10°to 10*), benzo-nicotine (1 in 10°), plasmoquine (1 in 10°), 
atebrin (1 in 10*), and histamine (1 in 10”) is to increase the excitability 
to A.0.; they are depressant to potassium in all concentrations. Eserine 
sulphate in small concentrations (1 in 10* to 5 x 10°), moreover, diminishes 
tone in Mytilus muscle, and in frog muscle diminishes the excitability to 
potassium and acetylcholine (Fig. 4). This shows that eserine has actions 
on plain muscle resembling those of other drugs, and other than that of 
an anti-choline esterase. 


Fig. 4. Frog stomach muscle. The effect of eserine sulphate on the response to acetylcholine 
(1 in 10°). First two figures show the steady state of the response. The third shows the 
effect of 1 in 10’ eserine sulphate, the fourth that of 1 in 5x 10*, the fifth that of 
1 in 104. 


Differences in the responses of frog and Mytilus muscles. These are: 
(1) Frog muscle requires less potassium (0-01 M KCl) and calcium 
(0-003 M CaCl,) to maintain its irritability. (2) Frog muscle, unlike 
Mytilus muscle, is unable to withstand high concentrations of drugs and 
anions. (3) Frog muscle is always found in spontaneous activity. The 
properties of these contractions are those of the response to a.c. (4) No 
drug produces tonic contraction in frog muscle. (5) Adrenaline does not 
produce a contraction. (6) p.c. does not produce a tonic contraction. 
(7) Withdrawal of calcium does not produce a tonic contraction or 
diminish the rate of relaxation of the response to A.c. | 

These differences between the responses of frog and Mytilus muscles 
are probably due to the fact that the sodium chloride content of Mytilus 
saline or sea water is high compared with that of frog saline, and some 
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of the phenomena exhibited by Mytilus muscle can be reproduced in frog 
muscle if the latter is immersed in solutions which promote tonic con- 
traction. These are: (1) The production of the a.c. off-contracture in excess 
of potassium. (2) In slight excess of potassium or barium diminution of 
the concentration of calcium may produce a contraction or decrease the 
rate of relaxation of the response to a.c. (3) Acetylcholine produces a 
tonic contraction if the chloride of the saline is replaced by iodide. 

The fact that in frog muscle absence of calcium does not result in a 


contraction shows that in Mytilus muscle the sodium contraction is not 


due to the withdrawal of calcium per se, but to the unantagonized sodium 
chloride ions. The fact that sodium chloride can produce a tonic contrac- 
tion is shown by the following experiment. If frog muscle is deprived of 
sodium chloride for a prolonged period, adaptation to the latter diminishes, 
and the muscle becomes sensitive to sodium chloride. The muscle is at 
first immersed for an hour in hypotonic saline containing only the usual 
amounts of potassium and calcium chlorides; the osmotic pressure is 
then restored to normal by the addition of sucrose. Reimmersion now in 
frog saline produces a tonic contraction; as the tone subsides the excita- 
bility to a.c. increases. It is thus possible to produce a tonic contraction 
by sodium chloride without altering the concentration of any other ion. 

- The above experiment shows that the difference in the action of 


sodium chloride in Mytilus and frog muscles is due to greater adaptation 


in the latter. In Mytilus muscle the initial effect of small concentrations 
of potassium, ammonium and adrenaline is stimulatory; as adaptation 
_ takes place the effect becomes inhibitory. | 

__ Unlike Mytilus muscle, frog muscle does not show the potentiating 
effect of drugs on the response to potassium. A significant fact has been 
observed that both in Mytilus and frog muscle only those substances 
potentiate the response to potassium that cause tonic contraction. This 
potentiating power of various substances is, therefore, in some way 
related to their contracture-producing power; this relationship is ex- 
plained by the following experiments on Mytilus muscle. 

If two stimuli—whether electrical or chemical—are simultaneously 
applied, they are summated. Similarly, two subliminal stimuli, or a 
supraliminal and a subliminal stimulus may be summated. A chemical 
stimulus may be made up of two different components, such as 0‘1 M KCl 
and 1 in 10* adrenaline, and the latter may be subliminal. Various 
contracture-producing substances potentiate one another by the process 
of summation, and the reason why certain substances potentiate the 


response to potassium in Mytilus but not in frog muscles is that they | 
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cause tonic contraction of the former and not of the latter, and if they 
do not cause apparent contraction of the muscle they act as subliminal 
stimuli. The effect of a subliminal stimulus may actually be inhibitory 
owing to adaptation, in which case it inhibits the response to potassium. 
The muscle also adapts to a subliminal stimulus such as 0-05 M KCl 
or 2 V. a.c., as shown by the fact that if the muscle is previously treated 
by a subliminal stimulus the sensitivity to a liminal stimulus is reduced. 
The potentiating effect of anions and drugs remains for a long time, so 
that adaptation to them is slow. This is also shown by their potentiation 
of the .c. off-contracture, which is produced by ions outside the muscle, 
after a prolonged immersion of the muscle in them. Potassium potentiates 
the contracture only for a short time owing to adaptation. These anions 
and drugs then remain as subliminal stimuli. 


Inhibitory and potentiating action 0 of 6 tons | 

‘There are two kinds of inhibition: (1) that produced by ions inside, 
and (2) that produced by ions outside the fibres. The former inhibition 
affects the excitability to a.c. and the potassium contracture in opposite 
directions and is produced by (a) increase of osmotic pressure which 
increases the concentration of ions within the fibres, (6) ammonium ions 
in Mytilus muscle (Singh, 19385], (c) a.c. 

The second kind of inhibition affects the excitability to a.c. and 
potassium in the same direction and is produced by cations outside the 
fibres, since (a) it is greatest immediately after addition of the cations, 
(5) it diminishes with time when produced by cations that penetrate the 
cells rapidly such as ammonium, and (c) it is antagonized by increase in 
osmotic pressure. The monovalent cations produce this inhibition in the 
order Li<Na<NH,. Potassium has no such inhibitory action. Calcium 
and strontium have a similar action, but barium, like potassium, has no 
such effect. 

Hydrogen ions also have an inhibitory effect. These ions have many 
actions similar to those of other monovalent cations. They are: (1) In © 
Mytilus muscle, small concentrations (pH 7 to 6) have inhibitory action 
while larger concentrations (pH 4-4) have a stimulating action and 
potentiate the response to potassium. (2) In frog muscle, they initially 
depress the response to a.c. and the muscle exhibits adaptation to them. 
(3) In excess of potassium or ammonium and at pH 7, reduction in the 
concentration of calcium from 0-0034 M to 0-0017 M CaCl, does not result 
in the hyperexcitability to a.c. which occurs at pH 8. 
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The inhibitory action of sodium chloride is shown by the following 
experiments: (1) Mytilus muscle in isotonic glucose and frog muscle in 
sucrose passes into a contracture. (2) Frog muscle when immersed in 
isotonic sucrose is made to contract by small concentrations of potassium, 
but not when immersed in isotonic sodium chloride. (3) Reimmersion of 
the muscle in normal saline after immersion in a sodium deficient 
solution produces the usual depression in excitability to a.c. and potas- 
sium. (4) Replacement of sodium with lithium produces a contracture. 


This contracture is different from other contractures, as the response to 


A.C. is augmented at the same time, and the depressant effect of lithium 
is greater at pH 7 than at pH 8 (the effect of other contractures being 
the opposite). This contracture is probably produced by removal of the 
inhibitory effect of sodium. The above experiments suggest that the 
normal state of the muscle is that of contraction, and is kept relaxed by 
ions outside. Small concentrations of sodium chloride like those of other 
ions have thus an inhibitory action, while larger concentrations have a 
stimulatory action. 

- When the inhibitory action of the cations is solhsnet the excitability 
to A.C. as well as potassium increases, such as when the concentration of 
calcium is diminished or sodium chloride is replaced with lithium or 
sucrose. 

Ions have two kinds of potentiating action: (1) affecting the excita- 
bility to a.c. and potassium in the opposite direction, and (2) affecting them 
in the same direction. The former is produced by large concentrations 
(associated with their contracture-producing properties), and the latter 
by small concentrations of anions only. Drugs also have similar effects. 
In frog muscle adrenaline has an inhibitory and eserine a potentiating 
effect. In summer Mytilus muscle caffeine increases the excitability to 
A.C., potassium, stretch, and adrenaline; slight diminution in osmotic 
pressure also increases the excitability to a.c. and potassium. 

An interesting feature of the above inhibitory or potentiating action 
of ions is that when these ions are withdrawn there is an opposite change 
in excitability before return to normal. Thus withdrawal of calcium 
increases, and withdrawal of small concentrations of iodide and thio- 
cyanate decreases the excitability to potassium. 

The inhibitory action of potassium, ammonium, and adrenaline 
increases with deficiency of sodium chloride; since anions have a poten- 
tiating action, this is probably due to withdrawal of the chloride. 
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Two factors affecting the excitability 

The above experiments suggest that there are two factors controlling 
the excitability. One affects the excitability to a.c. and potassium in the 
same direction and is predominant in frog muscle, and the other affects 
the two excitabilities oppositely and is predominant in Mytilus muscle. 
This latter factor is associated with slight contracture as shown by the 
fact that it becomes predominant if contracture is induced in frog muscle 
by potassium or the anions. For example, diminution in osmotic pressure 
increases the excitability to a.c. and to potassium, but if contracture is 


induced, it diminishes the excitability to a.c. and increases that to 


potassium. Excess of calcium diminishes the excitability to a.c. as well 
as to potassium, but if potassium contracture is induced, it increasesthe 
excitability to a.c. and diminishes the potassium contracture, a pheno- 
menon akin to that found in Mytilus muscle, in which calcium increases 
the excitability to a.c. and suppresses the sodium contracture. Sub- 
stances thus affect the excitability of plain muscle directly, and also 
indirectly, by affecting tone. 

That two factors are concerned in fatigue are shown by several 
experiments. Fatigue to a.c. is rapid in potassium insensitive as well as 


potassium sensitive muscles; but in the former, tone as well as the excita- 


bility to potassium diminishes, and in the latter the excitability to 
potassium increases. The response to a.c. and the off-contracture are 
affected similarly in summer Mytilus muscle, but if adrenaline which has 
a tendency to produce contracture is introduced they are affected 


‘differently (Fig. 5). 


Summer Mytilus muscles, which adapt rapidly to A.C. and are rela- 
tively inexcitable to potassium, if excited by large concentrations of 


potassium fatigue rapidly. So that the factor which affects the two 


excitabilities similarly is adaptation [Singh, 1938d]. With anions and 
drugs, the excitability to potassium increases with time, so that sub- 
stances which diminish adaptation to other agencies diminish adaptation 
to themselves. 

Other experiments also suggest the existence of two independent 
factors which control tie «xcitability. (1) If part of the sodium chloride 
of the saline is replaced by lithium chloride or sucrose, the excitability to 
A.C. increases and then declines. If the original sodium content is restored, 
there is a further depression in excitability before return to normal 
(Fig. 6). This shows that the factor which increases the excitability is still 
operative when a second factor decreases the excitability. (2) Initially the — 
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anions taal the excitability to a.c. in the order Li< Na<NH,<K; 
but ultimately they do so.in the order Na< Li< NH,<K, suggesting that 


Adrenaline (1 in 100,000) 


0.C. is off contracture. 


NaCl LiCl NaCl 


Fig. 6. Frog stomach muscle. The effect of lithium on response to 4.0. (10 V.—10 sec. per : 


20 min.), 
lithium; at Y the original NaCl content was restored. 


the initial.and the ultimate decline in excitability are due to different 
factors. Excess of — overcomes the depressant effect of excess 
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cations in the order Na<Li<NH,< K, so that calcium affects the 
second factor. These cations precipitate lecithin and albumin in the same 


Frog muscle exhibits two kinds of tone: (1) antagonistic to a.c. and 
produced by potassium, barium, and the sodium salts (Fig. 1); (2) not 


3 4h 


NaCl content % 


Fig. 7. Frog stomach muscle. The effect of replacement of the NaCl content of the saline 
(pH 8) with sucrose on the response to 4.0. (10 V.—10 sec.). Note the recovery from 
X, and that tone increases pari paseu with the response to 4.0. 


antagonistic to a.c. and produced by (a) hypertonic solutions, especially 
in the presence of ammonium ions (Fig. 8), and (b) saline which has been 
rendered sodium deficient by sucrose (Fig. 7). 

Hypertonic saline increases the concentration of potassium within the 
fibres, and a sodium deficient saline also increases the relative concentra- 
tion of ions within, so that this tone is produced by potassium within the 
fibres. The genesis of this tone can be shown as follows. The spontaneous 
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contractions have the property of the response to a.c. They may become 
so frequent that the muscle does not relax completely, and exhibits tone; 
this second kind of tone is akin to a.c. tetanus. Ifthe muscle is immersed 
in a hypertonic or sodium deficient solution, it at first behaves as if it 
were exposed to excess of cations; the excitability to a.c. is depressed, 
although it subsequently recovers. The phenomena are then different 
from those observed when the muscle is exposed to cations outside the 
fibres, since tone increases pari passu with the response to .c. (Fig. 8). 


~ 


> 


Fig. 8. Frog stomach muscle. The effect of osmotic pressure on the response to 4.c. and on 
tone in the presence of 0-025 M NH,Cl. The osmotic pressure is increased by adding 
sucrose. Normal osmotic pressure that of 0-111 M NaCl, pH 8. First contraction in 
O.P. (osmotic pressure) 0-9 times normal, second and third in normal saline, fourth in 
O.P. 1-1, fifth in O.P, 1-2, sixth in O.P. 1-3, seventh in O.P. 1-4, eighth in O.P. 1-5, 
ninth in O.P. 1-6, and tenth in O.P. 1-7. 


One kind of tone probably results in increased viscosity and is con- 
cerned in slowing the relaxation of contractions, as shown by the effect of 
anions on the response to acetylcholine; it depresses excitability. 


Two kinds of adaptation 

There are two kinds of adaptation: (1) to potassium and ammonium, 
in Mytilus muscle, which becomes inexcitable to stimulation by ions 
outside; this is probably produced by entry of the ions into the fibres, as 
the response to A.C. increases; (2) to barium, excess of calcium, strontium, 
anions and drugs, substances which are known to penetrate the cells 
slowly. This is experimentally distinguished from the former in that the 
muscle becomes hypersensitive to stimulation by ions outside, and to 
stretch; the muscle is capable of being stimulated and the drugs and 
anions act as subliminal stimuli. To barium and sodium chloride this 
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adaptation is undoubtedly produced by calcium, but to other substances, 
such as anions, and drugs, calcium only probably produces adaptation. 
This is suggested by the following experiment. If frog muscle is immersed 
in excess of potassium, adaptation is rapid; but after some time a 


- contracture redevelops, showing that potassium is antagonistic to the 


substance that produces adaptation; antagonism between calcium and 
potassium is well known. The sensitivity of Mytilus muscle to potassium 
in excess of anions and drugs increases with time, and as the action of 
these is antagonistic to that of calcium, they probably antagonize some — 
similar factor. Probably both kinds of adaptation occur to potassium 
and ammonium according to whether the ions are outside the fibres, or 
whether they have entered the cells. 


Contraction produced by withdrawal of ammonium, distilled 

water and change of osmotic pressure 
_ This contraction has been produced in every one of over 20 muscles — 
experimented upon. A contraction may be produced when ammonium 
is added to the muscles; frog muscle is however not very sensitive to 
ammonium, and just as to many other stimulants, responds by intermit- 
tent instead of continuous contraction, owing to rapid adaptation. These 


intermittent contractions gradually subside, and when the ammonium 


is withdrawn they return and again — subside till the muscle 
returns to its original state. 

Frog muscle is always found in a state of spontaneous sili and 
these contractions on addition and withdrawal of ammonium are super- 
imposed on the spontaneous contractions. These latter are sometimes 
absent and are usually very small, so that the contractions on addition 
and withdrawal of ammonium are quite distinct (Fig. 9); at other times 
the spontaneous contractions are large enough to interfere with the 
results. It may be remembered that the ammonium contraction is 
produced almost immediately on addition of ammonium, while the 
spontaneous contractions are suppressed; the ammonium contractions 
subsequently subside and the spontaneous contractions recover and may 
be suppressed again. 

The optimum concentration of ammonium required is about 0-025- 
0-082 M, larger concentrations having a depressant action. Facts which 
suggest that the withdrawal contraction is related to penetration of 
ammonium are (1) ammonium is known to penetrate cells rapidly, 
(2) the response increases with time of immersion, experimental range 
being 5-30 min., and (3) the optimum pH is 7, that for the potassium 
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contraction being 8. Alkaline solutions (pH 8) increase the ammonium 
contraction, but diminish or abolish the withdrawal contraction. It is 
known that cations penetrate the cells more rapidly as hydroxides and 
they come out more easily in acid solutions 1 in exchange with eyarogen 
ions [Fenn & Cobb, 1934]. 

The ammonium contraction resembles the response to a.c. in the 
following respects: (1) The optimum concentration of calcium is 0°0034 M 
CaCl,, that for the potassium contraction being 0-0017 M CaCl,. (2) The 
monovalent cations depress the response in the order Li< Na< NH,< K. 
(3) The response increases with increase in osmotic pressure up to 1-3 
times normal if sucrose is used to increase the tonicity of the saline, or up 


Fig. 9. Frog stomach muscle. Contraction produced by withdrawal of ammonium 
(0-025 M NH,Cl). Ammonium was added at X and withdrawn at Y after 10 min. 
Muscle in saline, osmotic pressure 1-3 times normal, rendered hypertonic with sucrose. 


to 1-4 times normal if sodium chloride is used. Further increase in osmotic 
pressure depresses the response, just as it affects the response to A.c. 
(4) Deficiency of sodium chloride augments the response, so that ions 
outside are depressant. (5) Simultaneous addition of potassium during 
the withdrawal of ammonium depresses the response, so that the potas- 
sium contraction and the ammonium withdrawal contraction are antag- 
onistic. (6) Small concentrations of anions (0-0120 M NaBr or NaN Os, 
0-005 M Nal and 0-001 M NaSCN) improve while larger concentrations 
depress the response; thiocyanate augments the ammonium contraction, 
but abolishes the withdrawal contraction. (7) During the staircase effect, 
the ammonium contraction increases, the withdrawal contraction de- 
creases; during fatigue the reverse happens. This relationship between 


the two contractions is analogous to that between the A.c. contraction and 
the off-contracture. 
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Ordinarily, Mytilus and frog muscles do not contract on immersion in 
distilled water. If Mytilus muscle is immersed in saline or sea water for 
24 hr., then it contracts on immersion in distilled water. Such a procedure 
increases the ionic content of the muscle, so that the contraction is due 
to difference in concentration of ions inside and out. Frog muscle 
contracts when immersed in distilled water if previously immersed in 
hypertonic saline (osmotic pressure 1-3 times normal), so that in this 
respect the distilled water contraction resembles the ammonium with- 
drawal contraction. If previously immersed in hypertonic saline, frog 
muscle may also contract if immersed in normal saline again; this 
contraction is augmented if the sodium chloride content of the saline 
is reduced, so that resulting difference in concentration of ions inside and 
out is increased. In this respect the contraction produced by decrease 
of osmotic pressure resembles the ammonium withdrawal contraction. 

Immersion in saline rendered hypertonic with sodium chloride 
produces no such twitch; this is probably due to the fact that ions 
outside are antagonistic to those inside the fibres. 


Contraction produced by withdrawal of sulphate 

Gelhorn [1931] has described a contraction of the frog’s gastrocnemius 
produced by withdrawal of small concentrations of sodium thiocyanate. 
Mytilus muscle contracts if the sodium chloride of the saline is replaced 
with an equivalent amount of sulphate, and again when reimmersed in 
original saline. This contraction has the properties of the potassium 
contraction as (1) it is absent in potassium insensitive muscles, and (2) it 
is improved in the absence of calcium. 

This contraction appears to be produced by ions outside, as cells are 
known to be very little permeable to thiocyanate and sulphate ions. 
These results are difficult to explain but it appears that withdrawal of 
these anions sensitizes the muscle to ions outside, just as withdrawal of 
small concentrations of potassium, and calcium sensitizes Mytilus muscle 
to sodium chloride. In frog muscle such a contraction has not been 
observed, in agreement with the fact that frog muscle does not contract 
on withdrawal of calcium. 

A withdrawal contraction in reality means that the muscle contracts 
when it is immersed in normal saline. The possibility of the ions of the 
latter causing contraction cannot be excluded and, as shown above, the 
muscle may become sensitive to the sodium chloride of the normal saline. 
Withdrawal of caffeine may cause a contraction of Mytilus muscle and 
caffeine has several other effects resembling those of calcium. 
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DIscussION 


Ions within the muscle fibres appear to be physiologically active as 
well as ions outside, as is suggested by the following experiments: (1) They 
produce inhibition, as judged by the effect of increase of osmotic pressure. 
(2) They produce excitation, since hypertonic solutions cause contraction, 
the response to a.c. being augmented at the same time. (3) Immersion in 
distilled water produces a contraction; with such a procedure no ions 
are added outside. They also appear to have a depressant action from 
which the muscle may recover. When the osmotic pressure is increased, it 
is probable that when the concentration of potassium increases beyond a 
certain limit, then the excitability is depressed. | 

Several experiments suggest that differences in concentration of ions 
on the two sides of the muscle membrane produce a contraction. These 
are: (1) contraction produced by ions outside is neutralized by increase in 
osmotic pressure, which increases the concentration of ions inside the 
muscle fibres; (2) contraction is produced by hypertonic solutions, the 
response to a.c. at the same time being augmented; (3) contraction is 
produced by sodium deficient solution—the sodium chloride of the saline 
_ being replaced with sucrose—the response to a.c. being at the same time 
augmented; (4) contraction is produced by hypotonic saline, which — 
decreases the relative concentration of ions within the fibres; this con- 
traction and that produced by sodium-deficient solutions are antagonistic ; 
(5) contraction is produced by distilled water. During the passage of a.c. 
the concentration of ions within appears to increase, and the effect of 
a.c. is antagonized by ions outside and vice versa. The properties of the 
ammonium withdrawal contraction are those of the a.c. contraction, 
which appears to be produced by ions within the fibres. 

One factor which affects the excitability of plain muscle is stabilized 
by calcium ; unless this factor is stable, the second factor, which may be a 
difference in concentration, or movement of ions and which produces 
excitation, is unable to exert its effect. In Mytilus muscle this factor is 
relatively stable, as it can withstand very high concentrations of drugs 
and anions. This is probably due to the fact that it has adapted itself 
to very high concentrations of sodium chloride, in which frog muscle 
becomes inexcitable, so that certain effects obtainable on Mytilus 
muscle are not obtainable on frog muscle. This factor is probably the 
surface membrane; calcium preserves its semipermeability. In the 
absence of calcium, Mytilus muscle gains both cations and anions and is 
inexcitable. | 
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Some withdrawal contractions are probably produced by changes in 
the concentration of calcium in the muscle, a diminution in the concentra- 
tion of calcium producing a stage of hyperexcitability to.ions outside: If 
these ions liberate calcium [Singh, 1938 f] then the restoration of the 
original concentration of calcium on their withdrawal would result in a 
stage of hyperexcitability which may culminate in a contraction. Such 
actually appears to be the mechanism of the production of the secondary 
a.c. contracture [Singh, 19385, f]. Stimulation with a.c. appears to 
liberate calcium [Singh, 19386]. When the stimulus is stopped, the 
original concentration of calcium would be restored, and this results in a 
stage of hyperexcitability to ions outside and, if —_o ions are 
present, a contraction occurs. 

A summary of the physiology of plain muscle. Most things in plain 
muscle exist in pairs. Thus (1) there are two kinds of contractions, (2) there 
are two kinds of tone, (3) two factors control the excitability, (4) two 
factors are concerned in fatigue, (5) there are two kinds of adaptation or 
tolerance to ions, (6) there are two kinds of contraction produced by 
cessation of electric current, (7) there are two kinds of withdrawal 
_ contraction, (8) two factors neutralize contractures—increase of osmotic 

pressure and calcium, (9) during electrical stimulation two factors 
- neutralize contractures, (10) two factors are concerned in adaptation to 
A.C., (11) there are two kinds of inhibition, one by ions inside and the other 
by ions outside, (12) ions have two effects on plain muscle—stimulating 
and inhibitory, (13) two factors are concerned in determining the rate of 
extension—visco-elasticity and tone, (14) effects of change of osmotic 
pressure are determined by two factors—changes in concentration of ions — 
inside and outside the fibres. 


SuMMARY 


1. Similarities and dissimilarities between the responses of frog and 
Mytilus muscles are described ; some of these differences can be accounted 
for by the difference in the composition of their media. 

2. Small concentrations of eserine inhibit the response to acety]- 
choline, 

3. Ions have inhibitory as well as potentiating and stimulatory 
action; the last two are related in some cd There are two kinds of 
inhibitory and potentiating action. 

4. Two factors control the excitability of cits muscle. 

5. Two factors are concerned in fatigue. 

_ PH. XCVI. 26 
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6. There are two kinds of adaptation or tolerance to ions. 
1, There are two kinds of contraction produced by withdrawal of 
chenom substances from around the muscle. 


I wish to thank Lt.-Col. §. S. Sokhey, I.M.S., Director, Haffkine Institute and 
Dr B. B. Dikshit for the facilities provided. 
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PROPERTIES OF THE SUBSTANCE LIBERATED BY 


ADRENERGIC NERVES IN THE RABBIT’S EAR 


By J. H. GADDUM anp H. KWIATKOWSKI 
_ From the College of the Pharmaceutical Society, London 


(Received 14 July 1939) 
Tue identity of the substance liberated by adrenergic nerves is not yet 


known with certainty. The evidence of experiments with isolated organs 


has all supported the view that this substance is adrenaline. 

(1) Loewi [1921] showed that fluid removed from a frog’s heart after 
stimulation of the adrenergic nerves stimulated a second heart. Brink- 
man & van Dam [1922] showed that it inhibited the frog’s stomach. 
Tschannen [1933] showed that it constricted frog’s arteries. The active 
substance is destroyed by irradiation [Loewi & Navratil, 1926], or even 
by prolonged standing at room temperature [Lanz, 1928]. Itis dialysable, 
and when the solution is made alkaline it gives the bright green fluores- 
cence in ultra-violet light described by Gaddum & Schild [1934] as a 
specific test for adrenaline [Loewi, 1936]. The roughly quantitative 
estimate of the concentration of adrenaline that can be obtained by this 
test agreed with the results of biological tests on the frog’s heart. Loewi 
was convinced by this evidence that the active substance actually is 
adrenaline. 

(2) The substance liberated by the adrenergic nerves in the eye of 
rabbits and dogs has been demonstrated by its effect on the toad’s heart, 
and on pilomotor muscles when the solution was injected intradermally. 
The solution collected after stimulation of the nerves also gave Viale’s 
test for adrenaline more strongly than the fluid from the other eye [Bacq, 


(3) Finkleman [1930] found that stimulation of the adrenergic nerves 
to a Piece of rabbit’s intestine liberated a substance which inhibited a 
second piece of intestine. 

(4) Lehmann [1932] perfused the leg ok of frogs and found that 
stimulation of the lower abdominal sympathetic chains liberated a 


substance which had an effect like adrenaline on the frog’s heart. 
26—2 
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(5) Bain [1933] perfused a dog’s tongue, and found aes sicdlatice. of 


the sympathetic nerves liberated a substance which inhibited the tonus 
and contractions of a piece of rabbit’s intestine. 

Experiments in which the active substance was carried by blood to 
produce its effect on distant organs have, on the other hand, given results 


which are not compatible with the view that adrenaline is the only sub- ~ 


stance liberated [Cannon & Rosenblueth, 1933, 1937]. 

It has been found [Gaddum & Kwiatkowski, 1938] that stimulation 
of the adrenergic nerves in a rabbit’s ear causes the liberation of a 
substance giving Shaw’s [1938] colour test for adrenaline. By this test it 
has been shown that the substance is not noradrenaline or any other of a 
series of allied substances which have been found to give different results 
in this test. The present paper is an account of a more detailed study of 
the properties of this substance, and represents an attempt to apply to 


adrenergic nerves the methods which have been eceaneriness in identifying 


the substance liberated by cholinergic nerves. 


METHODS 
* The method on for perfusing the rabbit’s ear was identical with that 


used previously [Gaddum & Kwiatkowski, 1938]. In most of the experi- 


ments the rate of flow was kept approximately constant by raising the 
reservoir of perfusion fluid to a height of 2-3 m. and interposing a 
capillary tube between the reservoir and the ear. 

The active substance liberated by the nerves was detected by its 
actions on the ear itself, the frog’s heart and the fowl’s rectal caecum and 
by the colorimetric method described by Shaw. When the ear itself was 
used as a detector the perfusion pressure was kept constant at between 
18 and 50cm. Active solutions were injected into the special cannula 
previously described, and effects on the outflow recorded as before. 
Adrenaline caused vasoconstriction.in concentrations of 10-* and over. 

Frogs’ hearts (R. esculenta), isolated by Straub’s method, were filled 
‘with Locke’s solution diluted to 1-4 times its volume with water. The 
perfusion fluid was diluted in the same way before testing. In order to 
minimize possible distortion of the record by acetylcholine from the ear, 
the fluid with which the heart was washed, but not the perfusion fluid, 
contained atropine sulphate (10-* to 10-"). This preparation usually re- 
acted with an increase in the size of the beat to a concentration of 10-° 
of adrenaline, and sometimes to a concentration of 10-2. 

The fowl’s rectal caecum was used to test whether the substance 
liberated in the ear caused inhibitor effects as well as excitor effects, since 
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ag this preparation is the most sensitive of the tissues known to be inhibited 


by adrenaline, which is effective in a concentration of 10-° [Barsoum & 
Gaddum, 1935]. In order to economize material the tissue was suspended 
in a small bath (2 c.c.). It was kept at 30° C., since according to Blaschko 
& Schlossmann [1938] this increases its sensitivity, and since it also 
diminishes the frequency of large spontaneous movements which are apt 
to spoil the record. The solutions were warmed to this temperature 


before being added to the bath. 


Gaddum & Kwiatkowski [1938] found that the adrenaline equivalent 
of the effluent was considerably increased by the addition of ephedrine to 
the perfusion fluid. It was hoped that this observation would make it 
easy to study the pharmacological effects of the active substance, but — 
unfortunately it has been found that the concentration of ephedrine 
which produces this effect (10-*) is sufficient to interfere with the 
pharmacological tests. In most of the experiments recorded below no 
ephedrine. was used, but in some experiments the perfusion fluid con- 
tained a concentration of 10-’. Such concentrations did not inhibit the 
effect; their value was doubtful. 

The perfusion fluid was Locke’ 8 solution scnitibested with oxygen 
containing 5% CO,. 

The postganglionic sympathetic nerves were stimulated near the 
ganglion, either with supramaximal shocks by condenser discharges 
(36 per sec.), or with an induction coil with 4 V. in the primary circuit 
and a coil distance of not less than 10 cm. 

In most cases the nerves were stimulated for 15-20 min., during 1 min. 
out of every 3 min., until the collection of 20 c.c. of perfusion fluid was 
finished. In some experiments the nerves were stimulated for 3 min. 
with an interval of 1 min. A volume of 10c.c. of the fluid was used for 
the colour test, and the rest was used for immediate testing on the ear, 
heart or gut. 

In order to prevent oxidation, the perfusion fluid was collected in a 


_ vessel containing sufficient ascorbic acid to produce a final concentration 


of 10-5; 
The adrenaline solutions were prepared from the pure base with HCl. 


RESULTS 


Stimulation of the adrenergic nerves causes the liberation of a sub- 
stance which stimulates the frog’s heart (Fig. 1). The control sample C 
had a small effect like that of adrenaline. The sample collected after 
stimulation of the nerves had a larger effect, and was equivalent to a 
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Fig. 1. Frog’s heart. Fluid from perfused ear of rabbit diluted to be isotonic. C, no 
stimulation. S, fluid collected during stimulation of sympathetic. Ad. adrenaline 10-°. 


Fig. 2. Above: outflow from perfused rabbit’s ear. Height of record represents drop inter- 
val. Reinjection of fluid collected during stimulation of sympathetic. Below: same 4 
fluids tested on frog’s heart. Ad. 1 ¢.c. adrenaline 10-*. 8, 1 c.c. fluid collected during 43 

_stimulation. 0, 1 ¢.c. fluid collected without stimulation. 2, ergotoxine 10-5. ‘ 
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concentration of 10-* of adrenaline. It will be seen that the stimulant 
effect was preceded by transient inhibition. The cause of this inhibition 
has not been studied in detail, but it is unlikely to be acetylcholine, since 
the heart was treated with atropine to make it insensitive to acetyl- 
choline. The stimulation was due to a substance which resembled adren- 
aline in the fact that its effect was inhibited by high concentrations of 
ergotoxine (Fig. 2), and that it disappeared from the solution when it 
was kept at room temperature for 2-3 hr. | 

Fig. 2 shows the result of an experiment in which the effluent was 
tested both on the frog’s heart and on the vessels of the ear. At S, 1 c.c. 
of the fluid collected during stimulation of the nerves was injected into 
the inflow cannula and caused vasoconstriction which was shown as an 
increase in the drop interval of the outflow. The effect was equivalent to 
that of a concentration of 10-* of adrenaline. Fluid collected before 
stimulation of the nerves had a comparatively small effect. The same 
active fluid was also tested on a frog’s heart, and again found equivalent 
_ to a concentration of 10-* of adrenaline. Ergotoxine (10-*) abolished 
both the effects of this fluid and of the equivalent concentration of 
adrenaline. 

The fluid collected in this experiment was also tested by Shaw’ s [1938] 
colorimetric method, and again found to be equivalent to the same con- 
centration of adrenaline. 

The fluid collected during stimulation of the nerves also usually 
inhibits the fowl’s rectal caecum. In some experiments this effect was 
large, but in others there was no effect or even a slight stimulation of the 
caecum. In several experiments the adrenaline equivalent in this test 
has appeared lower than that on the frog’s heart, but it has not been 
possible to obtain satisfactory quantitative evidence on this point. 

On the other hand there can be no doubt that a substance inhibiting 
- the fowl’s rectal caecum is actually liberated when the adrenergic nerves 
to a perfused rabbit’s ear are stimulated [Gaddum, Jang & Kwiatkowski, 
1939}. 

Fig. 3 shows a phenomenon which has been observed in several 
experiments, but which has no connexion with the substance liberated 
by adrenergic nerves. In this experiment the ear was perfused with 
Locke’s solution containing eserine (4 x 10~*), and the effluent was tested 
on leech muscle, which had previously been sensitized with eserine. 
Stimulation was applied to both the great auricular nerve and the 
posterior auricular nerve simultaneously. This caused the liberation of a 
substance acting like acetylcholine on the leech muscle. The substance 
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was not’ derived from sympathetic nerves because in the particular 
experiment from which Fig. 3 was made the superior cervical ganglion 
~ had been removed, and 16 days had been allowed for the degeneration of 

the postganglionic fibres. It was thought, at first, that such experiments 
might provide evidence of the presence of cholinergic vasodilator nerves 
in the rabbit’s ear, but it was observed that stimulation of the nerves 
caused contraction of small voluntary muscles at the base of the ear. 


Fig. 3. Eserinized leech muscle, Samples of fluid from rabbit's ear, perfused with iene 
solution containing eserine (4 x 10-*). Sympathetic removed 16 days earlier. Stimula- 
tion of great and posterior auricular nerves during the collection of sample B (1 c.c. 
in 5 min.). Rate of flow constant. 

These muscles could not easily be excluded from the perfusion system, 

and it is possible that the effect shown in Fig. 3 was due to the stimulation 

of motor nerves to these muscles, which would be expected to cause the 

liberation of acetylcholine [Dale, Feldberg & Vogt, 1936). 


Discussion 


The experiments described above show that the substance liberated — 
by the adrenergic nerves in a rabbit’s ear resembles adrenaline in its 
action on the frog’s heart, the rabbit’s ear and Shaw’s colorimetric test. 
These tests agreed quantitatively with one another. in their estimate of 
the adrenaline equivalent. The value of such quantitative agreement 
between different tests in the identification of pharmacologically active 
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substances was emphasized by Chang & Gaddum’s [1933] experiments 
with choline esters. Feldberg & Gaddum [1934] applied the principle to 
the substance liberated in the cat’s superior cervical ganglion, and so were 
able to show this substance was acetylcholine and not any other of a series 
of choline esters. The same principle has since been used to show that the 
substance liberated by other cholinergic nerves is also acetylcholine. 
Taken in conjunction with the observations that the colour in Shaw’s 
test is increased by suitable treatment of the solutions with alkali 
[Gaddum & Kwiatkowski, 1938], and that the substance liberated by the 
nerves inhibits the fowl’s rectal caecum [Gaddum e al. 1939], these 
a leave little doubt that the active substance is adrenaline. 


SuMMARY 


The evidence that the substance liberated by the adrenergic nerves 
in a perfused rabbit’s ear is adrenaline has been strengthened by the 
observation that it stimulates the frog’s heart, and constricts the vessels 
of the rabbit’s ear, and that estimates of the adrenaline equivalent 
obtained by these two tests agreed with colorimetric estimates. 
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THE EFFECT OF MONOSACCHARIDES ON WATER 
‘ABSORPTION FROM THE SUBARACHNOID SPACE 


By T. H. B. BEDFORD 
From the Department of Pharmacology, Manchester University 


(Received 17 July 1939) 


No attempt appears to have been made to determine the effect of 
monosaccharides on water absorption from the subarachnoid space, 
although the effect of these sugars on the absorption of water from the 
intestine has been carefully studied. Important conclusions have been — 
reached regarding the nature of the processes involved during absorption 
_ [Verzar & McDougal, 1936]. It is proposed to describe a series of 
experiments which were undertaken in an attempt to study the effect of 
monosaccharides on absorption from the subarachnoid space. 


EXPERIMENTAL PROCEDURE 


The experiments were performed on dogs weighing from 7 to 10 kg. 
Ether administered through a tracheal tube was the anaesthetic used in 
all experiments. The sugars were generally administered in isotonic 
concentrations in distilled water; in some experiments, however, a 
solution twice or even three times the isotonic strength was used. The 
solutions were introduced for a period of 1 hr. A constant pressure of 
300 mm. water was maintained in the subarachnoid space throughout the 
experiments. The methods by which the pressure was maintained and 


the rate of inflow determined were similar to those used in earlier experi- 
ments [Bedford, 1938]. 


RESULTS | 

The effect of sodium chloride on water absorption 
The rate of absorption of water from the sugar solutions was compared 
_ with that of an isotonic solution of sodium chloride. It became necessary 
therefore to study the effect of sodium chloride on absorption. Isotonic 
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solutions were found to be without influence on absorption when 
observed for periods of 1-14 hr. Marked variations were observed in the 
average rate of inflow in different animals, but the rate remained constant 
for any particular animal. No relationship appeared to exist between the 
weight of the animal and the rate of inflow. Weed’s observation [Weed, 
1935-6] that a solution of sodium chloride twice the isotonic strength 
was absorbed at the same rate as an isotonic solution was confirmed. 


_ When, however, a solution three times the isotonic strength was used, a 


distinct falling off in the rate of inflow was noticed after about 30 min. 


The effect of glucose on water absorption _ 
Glucose “ Analar” prepared by Hopkin & Williams was used through- 
out this series of experiments. The effect of an isotonic solution (5-4°) 
was first studied and was found to be without influence on absorption. 
A pronounced falling off in the rate of inflow was, however, observed 


when @ solution twice the isotonic strength was introduced. This effect 
became evident after about 30 min. — 


The effect of xylose on water absorption 

An attempt was next made to study the effect of a pentose on 
absorption. For this purpose a preparation of xylose (B.D.H.) was used. 
The rate of inflow was uninfluenced by isotonic solutions (4-5%) after 
1 hr. In one instance the experiment was continued for 1} hr.; the rate of 
inflow remained constant throughout the whole period. A solution twice 
the isotonic concentration, however, brought about a marked falling off 
in the rate of inflow after 30 min. 


The effect of mannose on absorption 
_ Difficulty was at first experienced in obtaining a pure specimen of this 
sugar. Variations in purity were frequently observed in different samples 
from the same firm. A preparation of a high degree of purity was 
obtained from Rhone-Poulenc. Mannose in isotonic concentration was 


- found to be without influence on the rate of inflow when observed for 


lhr. A solution twice the isotonic strength brought about a pronounced 
reduction in inflow after about 30 min. 

Experiments illustrating the action of sodium chloride and of the 
three sugars on the rate of absorption are summarized in Tables I and II. 
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Taxntz I. The effect of isotonic solutions on the rate of inflow of water into the sub- 
arachnoid space. Inflow is expressed in .c. introduced during a period of 3 min. at 
intervals of 9 min. The first reading represents the average rate of inflow during a 
control period of 15 min. when normal saline was introduced. The readings are 
correct to the nearest 0-05 c.c. In the actual experiments readings were taken every 
3 min. Typical experiments are indicated. Not less than four experiments were 
performed with each substance. 

Concen- Inflow during ® period of 3 min. at intervals of 9 min. 


stance 0 9 18 27 36 45 54 63 inflow 


020 025 O16 025 026 030 025 020 5-10 


% 
0-9 

Glucose 54 0-25 0:25 026 0-26 030 0256 025 025 490 
45 030 010 035. 0:25 030 025 030 030 5-75 
64 025 O86 0-25 046 025 0:25 4-75 


Taste II. The effect of hypertonic solutions on the rate of inflow of water into the sub- 
arachnoid space. The data has been treated in the same way as in Table I. Not 
than four experiments were performed with each substance. me 


Concen- Inflow during a period of 3 min. at intervals of 9 min. 


stance % O= 9 18 2 36 4 inflow 
Sodium 18 020 0:20 0:10 020 0:25 015 020 025 3-90 


Sodium 27 020 O25 O20 O15 O10 O16 O10 005 290 
chloride 


Glucose 108 0:20 030 0:20 020 010 010 O15 O10 3-45 
90 025 030 O25 020 O20 O10 O10 O16 440 
108 025 025 030 030 O16 020 O16 O10 415 


Discussion 3 : 
__ It would appear from the above experiments that isotonic solutions 
of sodium chloride, of the two hexose sugars glucose and mannose, and 
of the pentose xylose, are without influence on absorption from the 
subarachnoid space. When, however, solutions twice the isotonic 
strength were used, the sodium chloride was again found to be without 
influence on absorption, although the three sugars produced a marked 
reduction after about 30 min. The relative extent of reduction was 
approximately the same in each instance. Absorption remained un- 
influenced by sodium chloride until a solution three times the isotonic 
concentration solution was employed. It would seem therefore that the 
three sugars under investigation are alike in their effects on water 
absorption from the subarachnoid space. These findings are in marked 
contrast to those of Verzar & McDougall on the effect of monosaccharides 
on water absorption from the intestine. According to these workers the 
hexose sugars glucose and mannose diffuse at approximately the same 


tate; the pentose sugar, xylose, slightly faster. When, however, they came — 
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to compare their rates of absorption from the intestine, glucose in isotonic 
solution was found to be absorbed approximately three times as fast as 
mannose or xylose. As regards water absorption, they found that com- 
plete absorption of an isotonic solution of glucose occurred in 60 min. On — 
the other hand, no water was absorbed even after 1 hr. from an isotonic 


- solution of xylose. They were able later to account for these results on 
_ the basis of an absorption of glucose by a vital process and of xylose by 


a process of simple diffusion alone. Mannose is absorbed in the same 
manner as xylose. 

An investigation of the phenomenon of absorption from the sub- 
arachnoid space is beset with serious difficulties. In the first place it is 
necessary to add the solution under investigation to the cerebrospinal 
fluid already present in the subarachnoid space. This will bring about a 
degree of dilution which will become less as the experiment proceeds. 
The replacement can only be effected, however, at a relatively slow rate. 
In the second place, the formation of cerebrospinal fluid by the choroid — 
plexuses is probably a continuous process. We possess no reliable data 
regarding the actual rate of formation of cerebrospinal fluid, although, 
under ordinary circumstances, it is probably very slow. Finally, no 
reliable method appears to be available for estimating the true rate of 
absorption of a substance such as glucose from the subarachnoid space. 
For obvious reasons, the estimation of the rate of disappearance of a 
substance from the cisterna magna affords no reliable means of deter- 
mining its rate of absorption. It must be admitted that no evidence has 
been presented in these experiments that the sugars are actually absorbed 
from the subarachnoid space. It would seem, however, highly im- 
probable that concentration of the isotonic solutions could have occurred 
to any appreciable extent in view of the relatively large quantities 
introduced without any reduction in inflow. We are probably justified 
therefore in assuming that absorption took place. In spite, however. of 
these difficulties, the experiments appear to provide strong evidence that 
glucose, mannose and xylose have almost identical effects on water 
absorption from the subarachnoid space. We are led to conclude that 
these sugars are absorbed by a common process. No evidence was 
obtained which might suggest that glucose is absorbed by a specific 
process such as occurs in the intestine. It would seem probable, therefore, 
that glucose is normally absorbed from the subarachnoid space se a 
process of simple diffusion. 
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SUMMARY 


1. Isotonic solutions of the monosaccharides, glucose, xylose and 
mannose, were without influence on absorption when introduced into the 
subarachnoid space for 1 hr. 

2. Solutions twice the isotonic concentration caused a marked 
reduction in absorption after 30min. The extent of reduction was 
approximately the same in each instance. 

3. It is concluded that these sugars have a similar action on water 
absorption and that they are in all probability absorbed by a common 
process. No evidence was obtained of a we absorption of glucose 
such as occurs in the intestine, = 


REFERENCES 


Bedford, T. H. B. [1938]. J. Physiol. 93, 423. 
Verzar, F. & McDougal, E. J. [1936]. Absorption from the Intestine. London, 
Weed, L. H, [1935-6]. Amer. J. Physiol. 114, 40. 


CAMBRIDGE: PRINTED BY WALTER LEWIS, M.A., AT THE UNIVERSITY PRESS 


4 
‘ 
: 
3 
tg 
& 
* 
: 
a 
Al 
ph 
+ 
2 
ds 
\B 
} 
4 
+, 
‘ 
re 
ji 
= 
4 
4 
ey 
‘fy 
ut 
Va 
_ tone 
b> 
wt 
a 
“4 
~ 
q 
aie 
BS, 
“4 


1P 
PROCEEDINGS 


OF THE 


‘PHYSIOLOGICAL SOCIETY 
13 May 1989 


Sensory adaptation and the mechanism of vision. By 
K. J. W. Cratx. (From the Psychological Laboratory, Cambridge) 


The absolute sensitivity of the human eye increases in dim illumina- 
tion and decreases in strong; thus the adaptative mechanism affords a 
system of compensation for slow changes in illumination. The details 
and limits of this compensatory process have been further investigated, 
extending the observations of Wright [1935], Lythgoe [1932] and of 
Mellone & Rawdon-Smith [unpublished]. Craik has shown that bright- 
ness-discrimination [1938] and acuity [1939] deteriorate at illuminations 
far above or below that to which the eye is adapted; thus as adaptation 
to any intensity proceeds, acuity and brightness-discrimination progress 
towards the optimal for that illumination. The effect of adaptation on 


_ subjective brightness has now been investigated, using binocular com- 


parison of test fields presented to the two eyes in succession, immediately 
after they have been adapted to equal or unequal intensities. Fields 
exposed to the two eyes separately were adjusted in intensity till they 
had equal subjective brightness; the estimation was accurate to within 
+10% of the physical illumination of either field; yet the state of 
adaptation of the two eyes might be so different that the fields which 
were judged subjectively equal differed 500-fold in illumination. It 
appears that there is little or no increase in the subjective brightness of 


illuminations from 100 to 15,000 £.¥.c. (the upper limit of the apparatus) 


provided that the eye is adequately adapted to each illumination in turn; — 
the adapted response appears to “saturate” at approximately 100 £.F.c. 
Thus, the adaptative mechanism provides compensation, in respect of 
subjective brightness, for changes in illumination, over almost as large 
a range (above 100 z.¥.c.) as that over which it provides compensation 
for disturbance of acuity and brightness-discrimination by changes of 
illumination (i.e. above 1 £.¥.c.). Certain of these results are shown in 
Fig. 1. (The lower ends of the curves are dotted, since certain phenomena 
there require further investigation.) | 
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This compensation for changes in illumination applies, of course, to 
comparatively slow variations, occupying several minutes; it does not 
cause rapid changes of illumination to pass unnoticed. Indeed, this 
compensatory mechanism actually increases the sensitivity to rapid 
changes, as evidenced by the optimal values of acuity and brightness- 
discrimination found at nearly equal test and adapt illuminations. Thus 
a sudden increase in the illumination of an eye adapted, e.g. to 100 E.F.c., 
produces an initial large increase in subjective brightness, followed by a 
gradual return to the same subjective brightness as before, though the 
physical illumination is maintained at its higher value; a sudden change 


Log 
Fig. 1. The relation between the subjective brightness of fields presented to eyes in equal 
or different states of adaptation. Abscissa: illumination in equivalent foot-candles to 
which the right eye is adapted. Ordinates: test illuminations whose subjective bright- 
ness, «8 seen by the left eye, equals that of the adaptation field seen by the right eye, 
when the left eye has been adapted to the illuminations marked on the curves as J, jer. 


to the original illumination would cause a large drop in subjective 
brightness, again followed by a return to its previous steady value. 
_ There is insufficient evidence as to the neural or photochemical nature 
of this adaptation. | 
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The site of resistance to diffusion through the cell membrane, 
and the role of partition coefficients. By J. F. Danretii. (From 
the Biochemical Laboratory, Cambridge) 

Assuming that the cell-plaszma membrane is a lipoid film about 
50 A. thick, stabilized by adsorbed protein films at the two interfaces, 
the membrane may be represented by the potential-energy diagram of 
Fig. 1. The rate of flow of molecules of a penetrating solute from water 


d Membrane 


Fig. 1. 


‘into the membrane is aC, from the membrane into water is 60’, and 
across the minor potential-energy diagrams in the interior of the 
- membrane is eC’’. C is concentration and a, b, e vary with molecular 
species and can be calculated approximately. The partition coefficient 
is a/b. The permeability of the membrane is 


P 
” is the number of minor barriers, and cannot exceed 50. For molecules 
of, for example, glycerol, penetrating the ox erythrocyte, the greatest 
possible values of a and 6 are 10-" and 10-’, and the least possible value 
of e is 2 per sq. cm. of membrane. Hence for such molecules and 
probably for all molecules having smaller partition coefficients, nb is 
negligible compared with 2e, and we have P=}a, i.e. the resistance to 
diffusion lies almost entirely at the membrane interface. In fact the 
membrane could be a hundred times thicker without significantly 
altering its permeability to glycerol. — 
For molecules such as propyl alcohol 2e may be negligible compared 
with nb, and os e/n: the interior of the membrane contributes 
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appreciably to the resistance to free diffusion, and permeability varies 
inversely with n, i.e. is inversely proportional to the membrane thickness. 

In the second case permeability is directly proportional to the 
partition coefficient a/b. In the first case permeability is proportional 
to “a”, and the partition coefficient is a/b. Since, however, variation 
in als is mainly due to variation in “a”, “b” remaining relatively 
constant, there is a general parallelism ieee the values of “a” and 
the partition coefficient. Hence in both cases permeability varies with 
partition coefficient, but since several other variables are also involved, 
there are minor differences between the series of molecules arranged in 
order of partition coefficient and the same molecules arranged in order 


Gonadotrophin from horse pituitaries. By P. EacireTon and 


J.M. Rosson. (From the Departments of Physiology and Pharmacology, | 
The University, Edinburgh) 


Attempts to isolate from acetone-dried horse pituitary material two 
qualitatively different gonadotrophic preparations after the manner of 
Fevold [1937] have failed. A gonadotrophic material of “mix 
activity, i.e. producing follicular growth, ovulation and luteinization, 
has been obtained. It contains a third of the activity of the original 
dried gland, concentrated into about 1/150th of its bulk. It is soluble 
in all degrees of acidity and alkalinity, and is not toxic to human subjects 
when injected intravenously. 

The dried gland is extracted with dilute pyridine solution, and the 
extract precipitated with ammonium sulphate and dried. The extracted 
material is re-extracted and reprecipitated twice in the same manner. 
The product is taken up in water and dialysed for 48 hr. Normal HCl 
is added to the salt-free residual solution until no further material pre- 
 cipitates from it. After removal of the precipitate, the remaining 
solution is poured into five volumes of acetone, and a trace of strong. 
NH, solution added to promote flocculation. The product is a white 
powder of albumin-like properties (empirical formula ©,,H,,0,,N,,;8). 
In the largest single preparation of this material 1-5 g. were obtained 
from 250 g. of dried pituitary. 

Attempts to derive from this preparation pharmacologically different 


fractions by partial precipitation with methyl alcohol, trichloroacetic 
acid or picric acid have failed. | 
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Of this material 0-1 mg. will double the ovarian weight of immature 
female rats (40-50 g. body weight). According to tests kindly made by 
Dr Parkes on one batch of material in hypophysectomized rats, a daily 
dose of 0-2 mg. given for 5 days results in ovaries of about 38 mg. weight, 
and the total effect is one of follicular stimulation, luteinization, and - 
interstitial cell stimulation. A single intravenous injection of about 
0-015 mg. produces ovulation in the oestrous rabbit. Intravenous 
injection of 5 mg. produced no ill-effects in women, according to the 
preliminary report of a clinical investigation by Prof. Dugald Baird. 

Intravenous injection of 0-05-0-2 mg. into female rabbits 5-7 hr. 
after hypophysectomy produced ovulation, and the ovulated follicles 
developed into active corpora lutea following the administration of 
either oestrone or oestradiol. 

In rabbits hypophysectomized 12 or more days previously, abetihine 
of 0-25-0-5 mg. injected intramuscularly twice daily over 7-8 days 
induced follicular growth without either ovulation or luteinization. 
Similar findings were obtained with doses of 0-5-1-0 mg. of an extract 
(Antex) from the serum of pregnant mares, of which the makers state 
that 0-2 mg. doubles the ovarian weight in immature rats. 

In both cases the subsequent intravenous injection of 0-2 mg. of our 
material produced ovulation, and the ovulated follicles developed into 
active corpora lutea as a result of the administration of oestrone or 
oestradiol. 

Hisaw, Fevold, and their co-workers, claim to have separated two 
distinct gonadotrophic principles by fractional precipitation in acid 
solution. We have failed (as did Saunders & Cole [1938]) to repeat this 
result, and further have obtained a product soluble in all degrees of acidity, 
which nevertheless produces both follicular growth and luteinization. 

In view of the fact that a gonadotrophic preparation may exert 
qualitatively different actions according to the circumstances of ad- 
ministration, it is clearly desirable that any preparation reputed to 
possess exclusively one type of activity should be tested in several 
laboratories under different experimental conditions. Only if all ob- 
servers agree could the existence of more than one gonadotrophic 
principle be regarded as established. 

REFERENCES 
Feyold, H. L. [1937]. Symposia on Quantitative Biology, 5, 93. 


Hisaw, F. L., Fevold, H. L. & Greep, R. O. [1936]. Proc, Ass. Res. Nerv. Ment. Dis. 17, 247. 
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The effect of insulin hypoglycaemia and B,-avitaminosis on the 
acetylcholine content of brain. By F. C. MacInrosx. (From the 
National Institute for Medical Research, London) 


The synthesis of acetylcholine (ACh.) is promoted by glucose and by 
pyruvate, both in excised brain tissue [Quastel, Tennenbaum & Wheatley, 
1936; Mann, Tennenbaum & Quastel, 1938] and in the intact sympathetic 
ganglion [Kahlson & MacIntosh, 1939]. It might thus be expected that 
under conditions in which glucose or pyruvate is not being normally 
metabolized, the ACh. content of nervous tissue would be lowered as a 
result of inefficient. ACh. synthesis. Among such conditions are insulin 
hypoglycaemia (deprivation of glucose) and B, avitaminosis (faulty 
utilization of pyruvate). I have therefore estimated the ACh. content 
of the brains of mice in insulin convulsions, and of pigeons in which | 
advanced polyneuritis had been induced by a diet of polished rice. In 
neither case, however, did the values obtained fall outside the normal 
limits of variation for the species: these were, for the whole brain of the 
mouse (seven animals) 1-5-2-6ug./g., and for the cerebral hemispheres 
of the pigeon (four animals) 1-8-3-0 yg./g.; the corresponding values for 
six insulin-treated mice, and for four B,-deficient pigeons, were re- 
spectively 1-5-1:8 and 2-0-3-0 yug./g. A few determinations have in- 
dicated no effect of B, avitaminosis on the ACh. content of the superior 
cervical ganglion of the mouse, the cerebellum of the pigeon, or the 
brain of the rat. | 

Extracts of brain for ACh. estimation were made with trichloro- 
acetic acid, only the fraction soluble in absolute alcohol being retained, 
and tested on the eserinized leech preparation or on the blood pressure of 
the chloralosed cat [cf. Brown & Feldberg, 1936]. A variety of control 
experiments has shown that ACh. is quantitatively extracted from brain 
tissue by trichloroacetic acid, that no ACh. is lost in subsequent stages 
of the procedure, and that the response of the leech strip to ACh. is not 
modified by other substances present in the extracts. Higher values for 
ACh. in brain, which may irregularly be found when extracts are pre- 
pared by heating the minced tissue in eserinized saline, are due to 
sensitization of the leech muscle to ACh. by other substances present in 


such extracts, and not to any more complete extraction of ACh. by this 
means. 
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Pyruvate oxidation in brain, not involving a succinate cycle. 
By OC. Lona, 8. Ocnoa and R. A. Perens. (From the Department of 
Biochemistry, University of Oxford) 

Washed minced pigeon brain tissue readily oxidizes pyruvic acid 
(c. 67% of the pyruvate disappearing is oxidized to CO, and water, 
25% appears as acetic acid, 5% as lactic acid [Long, 1938]) in conditions 
under which a cyclical system involving C, dicarboxylic acids does not 
appear to be possible because (1) succinic acid which gives rise to a large 
O, uptake does not evolve CO, [Weil-Malherbe, 1937], and (2) fumaric 
or l-malic acids give neither O, uptake nor CO, production. This means 
that succinic acid is oxidized only to fumaric-malic acids under these 
conditions [Quastel & Wheatley, 1931]. It does not seem that the 
“citric acid cycle” of Krebs & Johnson [1937] can play a part either, as 
it involves succinic, fumaric, malic and oxalacetic acids as intermediates, 
and also because added citric acid does not increase the O, uptake. It is 
doubtful whether oxalacetic acid can arise in any other way. 

It may be added that early observations in this laboratory showed no 
catatorulin effect with succinate, and in further experiments since then 
comparatively large additions of fumarate or /-malate have not in- 
fluenced the catatorulin reaction with pyruvate. The above evidence 
reinforces previous views from this laboratory [McGowan & Peters, 1937] 
upon the nature of the oxidation of pyruvate in pigeon brain. 


Minced pigeon brain washed three times with ice-cold Ringer, pH 7:3 


pl./g. tissue /g. tissue 
min. Substrate Res. Subs. Net Res. Subs. Net pga. 


150 Pyruvate 0-02 M 442 1626 1184 §8 371 1928 1557 1-31 
120 Succinate 0-04 UM 361 1112 751 365 290 —_— 
120 Fumarate 0-046. M 527 543 16 495 5ll 16 


medium: NaCl 0-126 M; KOL0018 Mg80, 00011 NICO, 
, 00097 M. 
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1 More recently, Weil-Malherbe (Biochem. J. [1937], 31, 2202) has favoured the view 
that succinic acid is an actual intermediate in pyruvic acid oxidation. 
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_ Rickets and dental caries. By D. C. Wison. 

(From the Department of Medicine, Cambridge) 
Experimental work [Committee for the Investigation of Dental 
- Disease, 1936] has shown that the incidence of dental hypoplasia and of 
caries is reduced or even abolished by adequate amounts of vitamin D 
in the diet. Indeed, the association of rickets and ‘‘bad teeth” has been 
recognized in this country since Glisson’s [1651] original description of 
the disease. One would therefore expect that in a community where 
rickets was widespread the teeth would be much worse than in a similar 
community in which there was no clinical rickets. This is not necessarily 
the case, as the following observations show. 

During the past three years comparative diet surveys have been 
carried out amongst various Indian communities, and over 9000 children 
(5-15 years) have been examined clinically by the same observer. The 
examination included a search for past and present signs of rickets and 
an inspection of the teeth. The number of teeth present in the mouth was 
recorded and the number which were carious to naked eye examination. 
It was exceptional to find children who had had dental care, but in such 
cases teeth treated by a dentist were counted as carious. The incidence 
of hypoplasia and hypocalcaemia sufficient to give a sensation of rough- 
ness with a probe was also noted. 

Rickets and osteomalacia are exceedingly common in certain parts 
of north India, notably in the Kangra valley which lies in the Himalayan 
foothills. In an examination which was carried out there it was found 
that twenty-four out of a total of forty-five children showed signs of 
rickets, late rickets or osteomalacia. The same children had almost 
perfect teeth, with a very low incidence of caries and little hypoplasia. 
The teeth of these children were, in fact, no worse than those of 938 
children in the Central Provinces living on a similar diet and among 
whom no case of rickets was discovered. These dental findings were 
communicated to Dr Marshall Day, who, at my suggestion, examined 
fifty children in the Kangra valley, all of whom had severe rickets, but 
nearly all of whom he found to have excellent teeth. His results have 
just been published [Taylor & Day, 1939]. 
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Excitability changes in a nerve fibre during the passage of an 
impulse in an adjacent fibre. By Bernnarp Karz and Orro H. 
Scumitr. (From the Department of Physiology, University College, 


A pair of single fibres isolated from the limb nerve of Carcinus 
maenas is separated along a part of its length and is mounted on electrodes — 
as illustrated in Fig. 1a. Fibre I is excited at B by a quick induction 
shock, and then as the impulse is passing through the region CDE, the 


T 
Time in msec. 


Fig. 1. 
excitability of fibre II is tested at D by a short condenser discharge 
applied between D and C. The action potentials are led off to a cathode- 
ray oscilloscope from D and E. | 

The excitability of fibre II varies, during the passage of an impulse 
in the adjacent fibre, in a triphasic manner, as illustrated in Fig. 1b. 
As the action potential in fibre I approaches D, fibre II becomes at first 
less excitable, then passes through a more excitable phase, and finally 
again through a period of slightly reduced excitability. 
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action currents of fibre I, remembering that the direction of these currents 
with respect to the nerve membrane reverses twice, and that current 
lines which leave the conducting fibre enter the adjacent resting fibre 
and vice versa. 


fibres produced by potassium ions. By G. L. 


Brown and F. 0. MacInrosx. (From the National Institute for Medical 
Research, London) 


The injection of KCl into a perfused ganglion is known to set up 
impulses in the postganglionic fibres and to liberate acetylcholine from 
the preganglionic nerve endings [Brown & Feldberg, 1936]. The effect 
of KCl is, however, not confined to these actions. We have injected KCl 
into the carotid artery of the cat, all branches being tied other than 
those supplying the superior cervical ganglion, together with the nodose 
ganglion of the vagus, and the IX, XI and XII nerves where they are in 
close relation to the ganglia. Records have been taken with amplifier 


and oscillograph from the pre- and postganglionic sympathetic trunks, — 


from the vagus on either side of the nodose ganglion, from its superior 
and recurrent laryngeal and depressor branches and from the hypo- 
glossal nerve. In all instances, the central connexions of the nerves had 
been cut. The arterial injection of 0-16—0-4 c.c. of an isotonic solution of 
KCl (2-5 mg.) causes a discharge of impulses in all these nerves. The 


discharge lasts many seconds in all cases except that of the postganglionic 


sympathetic trunk, in which it is cut short by the paralysing effect of 
persisting KCl. In the hypoglossal, and in a small twig of the superior 
laryngeal nerve carrying motor fibres, we have recorded synchronized 
discharges with a perfectly regular rhythm of about 150 per sec. 

The discharge evoked by KCl in the preganglionic sympathetic trunk 
is unaffected by paralysing the ganglion cells with nicotine. An isotonic 
solution containing KCl and CaCl, in the proportion of 1:2 does not 


evoke the discharge. The similar injection of acetylcholine sets up an 


discharge only in the postganglionic sympathetic trunk. 
In one experiment we succeeded in making an injection into the 
circulation of the sciatic nerve at the point where the gluteal artery 


crosses it. The injection of KCl caused sustained contraction of the small 
muscles of the foot. 
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These experiments suggest that K ions, when suitably applied, can 
cause the repeated discharge of impulses from nerve fibres in’ their 
continuity, and not only from nerve cells; indeed, the question whether 


certain effects of injecting KCl into the sympathetic ganglion were 


rightly attributed to stimulation of the ganglion cells may need re- 
consideration. | | 
Brown, G. L. & Feldberg, W. [1936]. J. Physiol, 86, 290. 


Congenital myotonia in the goat. By G. L. Brown and A. M. 
Harvey. (From the National Institute for Medical Research, London) 


We have been able to obtain from the United States a strain of 
goats suffering from a congenital myotonia, which is indistinguishable 
from Thomsen’s disease as it occurs in man, and, like it, relieved by 
quinine [Kolb, 1938]. The muscles are extremely sensitive to mechanical 
stimulation; tapping, stretching and the insertion of needle electrodes 
cause contraction of the muscle. This contraction is due to a long-lasting 
irregular tetanus in groups of muscle fibres, and is accompanied by 
oscillatory action potentials, best revealed by means of concentric — 
needle electrodes. It is independent of the connexion of the muscle with 
the central nervous system. 

The response of the muscle to a single motor nerve volley is repetitive 
in nature, and the twitch tension is at least twice that developed by the 
same muscle of a normal English goat of similar weight. At the end of 
tetanic stimulation of the motor nerve at a frequency of 50 per sec. 
the muscle remains tetanically contracted, as it does naturally after 
sudden exertion. On the other hand, stimulation at frequencies of 
5 per sec. produces a progressive diminution of the abnormal activity. 
The sensitivity to mechanical stimulation is not diminished by full 
curarization of the muscle, and 8 days after section of the nerve supply 
of the muscle the myotonic reactions are still unchanged. : 

The amount of acetylcholine required to produce, by close arterial 
injection, a given tension maximum is the same in normal and myotonic 
muscles, and only the duration of the response is greatly increased in 
the myotonic. The myotonic muscles, on the other hand, are abnormally 
sensitive to K+. A normal goat tibialis muscle requires the injection of 
100 mg. KCl in 2 c.c. to evoke a brief contraction ‘as great as 4 maximal 
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motor nerve twitch, whereas a myotonic muscle may give with 20 mg. a 
response much greater than the twitch tension and lasting some minutes. 


We believe that this myotonia is due to an abnormality of the muscle _ 


fibre itself, and that the neuro-muscular transmitting apparatus is not 


directly involved. 
REFERENCE 
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Potassium content of human muscle. By J. N. CuMINas. (From the 
Biochemical Laboratory, National Hospital, Queen Square, London) 


An investigation into the potassium content of normal and abnormal 


muscle and the effect of prostigmin on the muscle K is reported. 

Twenty-seven normal voluntary muscles were examined and an 
average K content of 0-289% by wet weight and 0-989% by dry weight 
of muscle was found. 

Abnormal muscles could be grouped according to whether there was 
a normal, a low, or a raised K level. All muscles except those from cases 
of myasthenia gravis, dystrophia myotonica and those with gross 
replacement of muscle fibres by fat or by fibrous tissue contained a 
normal K content. Muscles from myotonic patients and those muscles 
with replacement fibrosis contained a low K content. Myasthenic muscles 
contained a very raised K level, often twice the normal amount being 
found. 

Prostigmin did not alter the K level in normal muscles, but in 
myotonia there was a raising of the K to within or nearly within the 
normal level, whereas in myasthenia there was a drop in K content to 
within the normal range. : 


The effect of asphyxia on inhibition of respiratory movement in 
the sheep’s foetus. By J. Barcrort, D. H. Barron, A. T. Cow, 


P. H. Forsnam and A. MacDona.p. (From the of 


Physiology, University of Cambridge) 

Experiments designed to explore the degree of asphyxia necessary to 
release respiratory movements in the foetus from their normal inhibitory 
control have been carried out as follows. Blood has been taken from the 
fontanelle under as nearly normal conditions as may be. The umbilical 
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cord is then occluded until respiratory movements appear, when a second 


_.. sample of blood is taken from the fontanelle. The oxygen level at which 


release takes place is remarkably constant, dropping from about 25% 
saturation at 100 days to about 15% at term. The CO, level is variable. 

The hydrogen-ion level has not been determined. In the absence of the last 
determination it is not possible to say that the release is due to oxygen 
deficiency, but merely that the oxygen level forms a surprisingly exact 
indicator of the degree of asphyxia required. 


Observations on intestinal secretion. By R. D. Waicur, 
M. A, Jenninas, H. W. Fiorey and R. Lium. (From the Department 


of Pathology, University of Oxford) 


In an oral communication to the Society on 12 November 1938 
evidence was produced that in decerebrate or decapitate cats: 

(1) Stimulation of the vagi in the thorax produced considerable 
secretion from the upper part of the duodenum. Histological examina- 
tion showed depletion of secretion from Brunner’s glands. No secretion 
was obtained from the rest of the small intestine. 

(2) The administration of eserine caused a secretion not only from 
the duodenum but also from other parts of the small intestine. 

(3) Cutting the greater splanchnic nerves in the thorax produced 
secretion from the duodenum but not elsewhere. 

These experiments have been continued and it has been found that 
the cutting of all preganglionic fibres to the coeliac and superior mesenteric 
ganglia causes a “paralytic” secretion from all the small intestine. If at 
aseptic operation these fibres are cut and the animal allowed to recover 
an initial diarrhoea disappears in a few days. If after 10 days, when the 
animal is in good condition, it is decapitated and the ganglia removed a 
free secretion occurs from the whole length of the gut. 

Previous work, showing that a duodenal fistula totally transplanted 
beneath the skin secretes in response to a hormone liberated after feeding, 
has been repeated on the cat with the same results. This type of experi- 
ment has also been extended to the pig. The portion of the duodenum 
between the bile and pancreatic ducts has been transplanted beneath 
the skin by a two stage operation. These transplants secrete well. 
After 24 hrs. starvation secretion ceases, but it starts again very soon 
after the administration of food, so that in this species s!so a hormone 
appears to be active. 
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The only enzymes constantly found in centrifuged juice obtained by 
the various methods are enterokinase and amylase. This confirms the 
view that other enzymes which have been reported, notably erepsin, 
are not secreted into the juice but come from broken-down cells. After 


adding mucosal scrapings to centrifuged juice erepsin is found. 


Reflex vaso-motor responses from the paws of the cat. By C. B. B. 


Downman, A. F. Goacio, B. A. McSwmvey and M. H. C. Youne. 
(From the Sherrington School of Physiology, St Thomas's Hospital) 


Reflex vaso-motor responses were recorded by means of small 
plethysmographs applied to the front and hind paws of the cat; these 
were connected by rubber tubing to Wiggers’s capsules covered by light 
rubber membranes, on which were mounted extremely light mirrors for 
optical recording of volume changes. The method reduces dead space 
and inertia to a minimum, and volume changes of 0-0lc.c. can be 
recorded, 

The responses were abolished by a tight ligature round the pads; 
responses, however, were still obtained if the pad of one toe was left out 
of the ligature, indicating that the vessels of the pads were responsible 
for the whole of the measurable response from the paw. 


_ Reflex vaso-constriction was elicited in both front and hind paws by — 


pinching the ear, by sound stimuli, by single break shocks or faradic 
current applied to either somatic or visceral afferent nerves, by pinching 
the gut or the mesentery, and by distending a balloon in the gut. These 
reflexes were obtainable in cats anaesthetized with urethane, dial, 
nembutal, or pernocton, and in the decerebrate cat. Maximal reflex 
vaso-constriction was obtained with stimuli which produced a rise, a 
fall, or no change.in the blood pressure. The reflex response was obtained 
after removal of both suprarenal glands, and also in the decerebrate cat 
after curarization. 

The efferent pathway of these reflexes is through sympathetic 


fibres, since section of the appropriate sympathetic pathways abolished 
the response from the front or hind paws. 


The latent period of the reflex vaso-constriction is extremely variable, 


ranging from 0:5 to 2-0 sec.; it appears to depend mainly upon peripheral 
conditions. The central oeflex time was fairly constant, for similar 


peripheral conditions, in all experiments, being of the order of 0-4—-0-6 sec. 
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| Summation of subliminal stimuli, applied either to the same afferent 
nerve or to two different afferent nerves, has been obtained. Summation 
has also been shown on stimulation of the appropriate preganglionic or 


postganglionic nerve fibres. 


The role of light in the action of several drugs upon the 

hypophyseal melanophore hormone secretion of frogs (Rana 
_ temporaria). By T..C. R. Suen. (From the Department of Pharma- 
--cology, Umiversity of Ghent) 


Koller & Rédewald [1933] demonstrated that total darkness in- 
fluences the hypophysis of frogs in such a manner that an extract made > 
from such a hypophysis contains little or no melanophore hormone. This 
fact was confirmed by Jores [1934] and Schroff [1935]. Stutinsky [1936] 
showed that exposure of frogs to strong electric light continuously for 
one week alters the cellular structure of the hypophysis. The chromo- — 
phobe cells increase at the expense of chromophile cells. This indicates 
that the gland is actively secreting. In previous papers [Shen, 1937, 
1938 a, 6, 1939] we have shown that several drugs induce a melanophore 
hormone secretion. Indeed the melanophores of hypophysectomized 
frogs do not react to these substances. In the present study an effort has 
been made to examine the effect of these drugs upon melanophore 
hormone secretion of the hypophysis of frogs which have been exposed 
to either a period of total darkness or a period of continuous light. 

Seven series of experiments were made to study the effect of complete 


_ darkness upon the melanophore hormone secretion induced by drugs. 


Each series consisted of 7-10 frogs weighing 15-30 g. (Rana temporaria). 
After exclusion from light for periods varying from 30 min. to 24 hr. 


appropriate doses of either piperido-methyl-3-benzo-dioxane (F 933), 


yohimbine, nicotine, sodium phenobarbital, allylisopropyl barbituric 
acid (numal, “ Roche”), sodium barbital, or chloralosane were injected 
subcutaneously. This was done under a dim red light in a dark room. 
The animals were again returned to the dark. At intervals of 4, 1 and 
2 hr. from the time of injection their melanophore responses were con- 
trolled under a dim red light in the dark room. The experimental results 
show the following points: (1) Frogs which have been kept in total 
darkness still react to the examined drugs by a melanophore expansion. 
(2) Frogs blinded by previous extirpation of their eyes and kept in total 
darkness react to F 933 by a darkening of the skin. (3) Animals kept in 
a light environment and darkened by drugs cannot be rendered pale by 
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putting them in total darkness, and conversely it is not possible to Le 
further deepen the colour of animals kept in complete absence of light, 
once darkened after drug injection by exposing them to light. (4) Applica- | 
tion of local anaesthetics (2% novocaine or 0-1% percaine) to the ex- 1 
posed hypophysis region of pale frogs kept in complete darkness still 
induces the dark skin response. 

The effect of continuous light on the drug action upon the melano- 
phore hormone secretion was examined in two series of experiments. A (3 
method similar to that of Stutinsky [1936] was employed. Male frogs = 
weighing 20-25 g. were used. After exposure continuously for one week ie 
to a white background under a light from a 75 W. electric lamp, appro- : 
priate doses of yohimbine or sodium barbital were injected subcu- 
taneously. The results show that constant and continuous light does not 
appreciably affect the dark skin response obtained by each: barbital 
or yohimbine. 

The above experiments ‘ies show that neither total darkness nor 
prolonged, continuous light have any appreciable influence on the 
stimulating action of the examined drugs upon the —repayes melano- 
phore hormone secretion of frogs. 


Jores, A. [1934]. Klin. Wachr. 2, 1269. 

Koller, G. & Rédewald, W. [1933]. Pflag. Arch. ges. Physiol. 282, 637. Wy 

Schroff, G, [1935]. Abh. Naturw. Ges. Rostock. a 

Shen, T. C. R. [1937].. Arch. int. Pharmacodyn. 57, 289. 

Shen, T. C. R. [19384]. 16th International Physiology Congress, 14-19 August 1938, Ziirich, 
2, 149. 

Shen, T. C. R. [19386]. C.R. Soc. Biol., Paris, 128, 1185. 

Shen, T. C. R. [1939]. J. Physiol. 95, 47 P. 

Stutinsky, F. [1936]. C.R. Soc. Biol., Paris, 123, 421. 


The effects of certain aldehydes upon the growth of cells in vitro. 
By E. N. Witmer and K. Wattersterner. (From the Department of 
‘Physiology, Cambridge) 


During certain investigations on the carbohydrate metabolism of 
chick periosteal fibroblasts growing in vitro it was found that growth and 
cellular activity were inhibited by certain aldehydes, notably glyceralde- 
hyde, methyl glyoxal, propyl aldehyde, butyl aldehyde and benzalde- 
hyde, but not by the corresponding acids. The critical concentration for 
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inhibition was in the region of 0-002 M, and at least with certain alde- 
hydes (glyceraldehyde, propyl aldehyde and butyl aldehyde) the effect 
was reversible, for when the aldehyde was removed, growth and cell 
division were resumed. During the inhibition many of the cells withdrew 
their processes and became completely spherical. On removal of the 
inhibitory substance they put out pseudopodia and started to migrate 


within the first hour, and cell divisions occurred without any significant : 


latent period. | 

Several other substances containing the aldehyde group have also 
been tested in relation to the growth and activity of tissues in vitro. 
Acrylaldehyde (CH,:CH .CHO) and crotonaldehyde (CH,.CH:CH.CHO) 
produce similar inhibitory effects but at very weer lower con- 
centrations, e.g. 0-00002 M. Furfural 


H-O—-C-H \ 

inhibits at 0-01 M Preliminary experiments suggest that heptaldehyde 
inhibits at 0-002 M and that citral ({CH,],C:CH.CH,.CH,.C[CH,]: 


CH.CHO) becomes effective at 0-001 M. 
The effects of many of these aldehydes have been tested on the growth 


_ of the cells of a dibenzanthracene chicken sarcoma in vitro, but there has 


so far been no indication that the sensitivity of these cells differs in any 
way from that of normal cells. 


A simple differential volumetric method for obtaining the 
time-course of oxygen usage by stimulated frog’s muscle. 


By D. K. Hitz. (From the Physiological Laboratory, Cambridge) 


The volumeter consists of two bulbs joined by a capillary tube of fine 
bore. A spot of fluid in this tube acts as indicator, and is viewed by a 
travelling microscope. The movement of the spot can be followed over 
a minimum distance of 45mm. 1 mm.* volume change causes a move- 
ment of the spot of 5 mm. 

A pair of frog’s sartorii is used, one in either bulb supported on a 
frame which is part of the stopper. Both bulbs are filled with oxygen. 
The muscles are stimulated by platinum electrodes. The whole apparatus 
is immersed in finely crushed ice and water: the ice is cleared away 
round the part of the capillary tube containing the spot of fluid and the 
microscope objective is placed beneath the surface of the water. The 


Re 


4 
| 
4 
| = 
4 
43 
= 
¢ = 
f, 
4 
‘a 
| 
Crs 
= 
q 
| 
| 
| 
| 
> 
aie 
j 
4 
3 10 J 
we 


18P PROCEEDINGS OF THE PHYSIOLOGICAL 


_ spot is illuminated by a small flash-lamp bulb pushed down in the ice. 
A temperature of 0° C. is preferred, first because melting ice provides 
an excellent thermostat, and secondly because the time course of 
metabolic events in the muscle is greatly drawn out by a low temperature, 
and diffusion processes then become of less importance. 

When working differentially there is no movement of the spot whien 
both muscles are resting. When one muscle is stimulated tetanically for 
5 sec, there is first a volume increase due to heat liberation: this can be 
allowed for by a control heating. There is then a slow uptake of oxygen 
shown by a volume decrease: an average sartorius will use a total of 
about 1 mm.* of oxygen for complete recovery. 

The carbon dioxide produced in the early stages of recovery is com- 
pletely absorbed by the muscle itself, which becomes alkaline owing to 
breakdown of phosphocreatine. In the later stages the carbon dioxide 
diffuses across to the walls of the vessel and is absorbed by soda placed 


on filter-paper. It has been shown that the amount of carbon dioxide - 


present at any moment in the gas is insufficient to cause any complication. 

The record obtained can be analysed to allow for the rate of oxygen 
diffusion into the muscle. The result shows that the time course of oxygen 
usage is exactly the same as the time course of the delayed heat production 
at the same temperature. 


The transient response of @ primitive ear. By K. J. W. Crarx, 
A. F. Rawpon-Smirn and R. 8. Sturpy. (From the Psychological 
Laboratory, Cambridge) 


The response of the vertebrate ear to transient stimuli has been in- 
vestigated in some detail, notably by Derbyshire & Davis [1935] and 
Rawdon-Smith & Hawkins [1939]. The response of such ears, however, 
exhibits considerable complexity in that the nervous response proper 


is invariably in some degree contaminated by admixture with potentials 


of cochlear origin. It has been shown by Adrian [1938], however, that 
the response from the ear of the tortoise consists almost entirely of 
action potentials, phenomena analogous to the vertebrate “cochlear 
effect” being of very small magnitude. We have, therefore, studied the 
response from the ear of the land tortoise, T'estudo graeca, to electrically 
generated transients, controllable both in amplitude and in wave-form. 
As would be predicted, the electrical response from this primitive 
ear to such stimuli comprises one or more action potential volleys, the 
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number present in each discharge depending both on the intensity and 
on the complexity of the transient stimulus. Provided that this is of 
brief duration, however, one response volley only will be elicited, since 
stimulus waves following that which first yields a response arrive during 
the refractory period of the acoustic nerve fibres. As the duration of the 
stimulating transient is lengthened, however, one or more succeeding 
phases will be produced in the response. It is, however, possible to 
obtain a stimulus which consists of a single initial phase whose amplitude 
is great relative to that of the succeeding phases. Such a stimulus, pro- 
vided it is applied at an intensity sufficient for this initial phase to excite, 
though insufficient for those following to do so, will, of course, yield a 
single volley response irrespective, within limits, of its duration. Such 
a stimulus may be conveniently employed to determine which phase of 
a complex stimulating wave elicits the succeeding response. This may be 
done in one of three ways: by determining whether a just detectable 
response is obtained at lower stimulus intensity for a positive or for a 
negative pressure wave; by assessing the magnitude of the responses 
obtained to transients of identical amplitude and form, but in the two 
different phases; and by measuring the latency of the response for the 
two stimulating phases, using a supraliminal stimulus. In the latter 
method, the change in latency on moving from one phase to the other is 
correlated with the arrival at the ear of a negative or positive pressure 
wave. 

In this manner, we have shown that the essential phase of the stimulus 
for the tortoise ear corresponds to the development of positive pressure 
at the ear drum. This observation is in contrast with that of Derbyshire & 


_ Davis on the cat, who have shown that in this animal the stimulating 


phase is the negative pressure wave. There is good reason to suppose that 
this latter condition will hold for all the more highly developed vertebrate 
ears. 
It would appear difficult to reconcile our observation with the belief 
that the crude auditory apparatus of the tortoise represents the evolu- 
tionary forbear of the mammalian cochlea, since it does not appear 
readily possible that in the course of development the adequate stimulus 
could change from a positive to a negative pressure change. 
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Comparison of the amounts of progesterone and of desoxycortico- 
sterone acetate needed to produce certain progesterone-like 
actions. By J. M. Rosson. (From the Department of Pharmacology, 
University of Edinburgh) : 


Miescher, Fischer & Tschopp [1938] investigated the action of 
desoxycorticosterone and its esters and found them to be highly potent 
in maintaining life in adrenalectomized rats. Since the compound has 
a formula similar to that of progesterone, they tested the acetate on the — 
rabbit’s uterus and found that it produced a progestational proliferation 
in doses of less than 10 mg. 

In the present experiments it has been found that. desoxycortico- 
sterone acetate! (D.c.a.), in doses of 5-10 mg., produces not only the 
typical progestational proliferation of the endometrium, but also inhibits 
the in vitro and the in vivo response of the uterine muscle of the rabbit 
to pituitrin. The method used was similar to that previously described 
for the testing of progesterone [Robson, 19365). 

The compound was then tested for its capacity to maintain pregnancy 
in ovariectomized and hypophysectomized animals, and was always 
given twice daily subcutaneously in solution in oil. Pregnant mice 
received the first dose 12 days after mating, and 2 days later their 
ovaries were removed. Daily doses of 3-0 mg. given for 5 days main- 
tained pregnancy up to full term: three animals gave birth to normal 
litters; in one animal the litter was eaten, and in one animal the pregnancy 
was prolonged to the 22nd day, i.e. some 3 days beyond the normal 
duration. 

Smaller doses of p.c.a. also occasionally maintained pregnancy. The 
doses of progesterone needed to maintain pregnancy in ovariectomized 

1 I am greatly indebted to Dr Miescher for a generous supply of the substance. 
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_ mice are appreciably smaller and are of the order of 1 mg. per day 
[Robson, 1938]. 


The results with rabbits are given in the table and show that a daily 


dose of 7-5 mg. usually maintains pregnancy in ovariectomized or 
hypophysectomized animals, The hypophysectomized animals did not 
build nests; at parturition their mammary glands were small and 
contained very little milk. Similar results have been obtained by the 


- daily administration of some 2-5 mg. of progesterone [Allen & Heckel, 


1939; Courrier & Kehl, 1938; Robson, 1936a]. 


Daily Period of Time in 
dose injection pregnancy 


ra mg. pregnancy operation — Result 
22-25 24 Abortion on 25th day 
1115 50 19-25 21 Abortion on 25th and 26th days : 
1116 75 21-30 23 Live litter on 30th-3lst days 
1118 75 20-27 22 Abortion on 25th-26th days 
1119 75 20-29 22 Birth on the 30th-31st days. Litter eaten 
1120 - 75 20-29 22 Birth on the 30th-31st days. Litter eaten 
1123 75 20-29 22 __— Partial abortion on the 26th and 28th 

days. Live foetuses born on 30th day 
1124 75 20-29 22 Live litter on 31st day 
1125 : TS 22 Live and dead foetuses in utero on 33rd 
day (animal then killed) 


1112-1120 were ovariectomized. 1123-1125 were hypophysectomized. — 
Mice showing regular oestrous cycles were injected twice daily with 


various doses of D.c.A. The daily administration of 0-1-0-2 mg. inhibited — 


oestrus during the period of injection (13-18 days) but oestrus reappeared 
within a few days of the last dose. The vaginal epithelium was mucified 
at the end of the injection period. It is necessary to administer daily 
doses of 0-1-0-2 mg. of progesterone in order to inhibit the oestrous cycle 
in mice [Robson, 1938]. . 


Experiments were also made to determine whether p.c.a. would | 


inhibit the action of oestrin on the vagina. The method used was similar 
to that previously employed to demonstrate this effect with progesterone 
[Robson, 1938]. A total dose of 0-75 mg. of p.c.a. produced some 
inhibition of the vaginal action of 0-05 yg. of oestradiol, a result similar 
to that obtained with progesterone. 


It will thus be seen that p.c.a. exerts a progesterone-like action, not 


only on the rabbit’s endometrium, but also on the uterine strc on 
pregnancy, on the oestrous cycle and on the vagina. 

D.c.A. is less effective than progesterone in the production of the 
typical proliferation of the endometrium and desensitization of the 


uterine muscle, and in the maintenance of pregnancy in ovariectomized 
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and hypophysectomized animals, but the two compounds are equally 
effective in the inhibition of the oestrous cycle in the mouse, and in the 
inhibition of the action of oestradiol on the vagina. 


REFERENCES 
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Courrier, R. & Kehl, R. [1938]. C.R. Soc, Biol., Paris, 123, 188. 
Miescher, K., Fischer, W. H. & Tschopp, E. [1938]. Nature, Lond., 142, 435. 
Robson, J. M. [1936a]. J. Physiol. 86, 415. 
Robson, J, M. [19365]. J. Physiol. 88, 100. 
Robson, J. M. [1938]. J. Physiol. 92, 371. 


The effects of diethylstilboestrol on striped muscle. By R. F. 
Dawson and J. M. Rosson. (From the Department of Pharmacology, 
University of Edinburgh) 

In a recent paper the effects of stilboestrol on smooth muscle and 
cardiac muscle have been recorded [Dawson & Robson, 1939]. The 
following experiments were performed to determine its effects on striped 
muscle. 

The isolated frog’s rectus abdominis or sartorius was suspended in 


: _ & 10 or 20c.c. bath of oxygenated frog Ringer-Locke solution at room 


temperature. The contractions of the muscle were recorded on a smoked 
drum by means of an isometric or an isotonic lever. As in the previous | 
experiments, 5 mg. of stilboestrol were dissolved in 3 c.c. warm N/10 
NaOH, diluted with Ringer-Locke, and the required amount added to 
the bath. 

It was found that stilboestrol in concentrations of 1 in 50,000 
produced contracture of the muscle. This effect was not inhibited by 
atropine in a concentration of 1 in 100,000, nor did atropine relax the 
muscle after stilboestrol had produced a contracture. In concentrations 
below 1 in 50,000 stilboestrol did not produce any contracture, but if 
acetylcholine was added, or if the muscle was electrically stimulated at 
regular intervals by single break shocks or by short tetani, then con- 
tracture resulted. In all experiments, on changing the solution, reversal 
of the contracture occurred and the muscle returned to its original 
length, but this relaxation was relatively slow, taking approximately 
2 hr. when the contracture had been produced by a vere saesee of 
stilboestrol of 1 in 50,000. } 

Under similar conditions oestradiol produced no such contracture 
even when the concentration was as high as 1 in 10,000. 
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The effect of stilboestrol on mammalian striped muscle was investi- 


gated by means of the close artery method [Brown, 1938]. The muscle 


was directly stimulated either with single break shocks or with short 
tetani. When 0-5 c.c. of a 1 in 20,000 solution of stilboestrol was injected 
there was no demonstrable effect on the muscle, nor on its response to 
either type of electrical stimulation. | 


Fig. 1. Frog’s rectus abdominis—isotonic registration. Single break shocks at regular 
intervals. First signal: atropine sulphate 1 : 100,000 added to bath. Second signal: 
stilboestrol 1 : 40,000 added to bath. Time intervals =30 sec. 

_ Dihydroxystilbene, which has only a slight inhibitory action on 

smooth muscle, produced no effect on frog’s striped muscle in concen- 

trations of 1 in 10,000. . 

| Stilboestrol thus causes inhibition of smooth muscle, contracture of 
striped muscle and has no effect on cardiac muscle. 


Brown, G. L. [1938]. J. Physiol. 92, 22 P. 
Dawson, R. F. & Robson, J. M. [1939]. J. Physiol. 95, 420. 


On the connexions between the ‘“‘pneumotaxic” and the 
‘“‘apneustic” centres. By G. Sruiia. (From the Department of 
Physiology, University College, London) | 

Henderson & Sweet [1929] stated ‘that, in a decerebrate cat (by 
section of the brain stem in front of the anterior colliculi), a mid-line 
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longitudinal section of the mid-brain carried down to the upper part of 
the pons cut out the pneumotaxic centre, so that apneuses ensued when 
the vagi were cut. It was concluded that the pneumotaxic centre is 
identical with the red nucleus and that the longitudinal section had cut 
the rubro-spinal tracts at the point of their crossing. In a previous paper 
[Stella, 1938] it was shown, however, that the pneumotaxic centre is at 
a lower level than the red nucleus, i.e. in the upper part of the pons, as 
suggested by Lumsden [1922]. The present research was undertaken 
with a view to a more close localization of the pneumotaxic centre, and 
to see whether its connexions with the apneustic centre are really crossed 
ones a8 the findings of Henderson & Sweet would indicate. The experi- 
ments were on cats, decerebrated either between the anterior and posterior 
colliculi or just at the superior limit of the pons. 

At the beginning of the experiment the vagi were cut, in the neck, 
and the exclusion of the pneumotaxic centre was judged by the appear- 
ance of the apneuses. The following results were obtained: transverse 
section in the upper region of the pons had no effect when limited to the 
dorsal part of the tegmentum pontis; but apneustic activity immediately 
appeared if the section was deepened well into the ventral part reaching 
the basis pontis and included the more median region. Removal of the 
dorsal half of the upper region of the pons was also with no effect; 
while section of the ventral part alone, leaving the dorsal part intact, 
had the usual apneustic effect. A longitudinal section of the pons along 
the mid-line, whether limited to the upper region of the pons, or instead 
carried down as low as the upper region of the medulla, was never 


followed by apneuses; the only effect was a transitory deepening of the 


respiration lasting 5-10 min. It seems therefore that (a) the pneumotaxic 
centre is bilateral, and situated near the mid-line in the most ventral 
part of the upper region of the tegmentum pontis; (b) its connexions 


with the apneustic centre are mainly, if not entirely homolateral, and 


not crossed as the findings of Henderson & Sweet would indicate. 
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The effect of cerebellum on respiration. By G. Srxiia. (From the 
Department of Physiology, University College, London) 


In a previous research [Stella, 1937], removal of the cerebellum in 
the decerebrate dog was followed by acceleration of the rate of breathing 
and increase of the total lung ventilation per unit of time. The probable 
reason seemed the fall of arterial pressure caused by the loss of blood 
during the operation; in view, however, of the subsequent work of 
Moruzzi [1938], who showed that faradic stimulation of the paleocere- 
bellum inhibits the reflex excitation of respiration and the increase of 


blood pressure which occur on occlusion of the common carotids, it 
seemed possible that the increase of respiration following removal of the 


cerebellum might be due in part at least to removal of a tonic inhibitory 
influence from this organ. 

To test this possibility and the probable tonic inhibitory influence of 
the cerebellum upon respiration and blood pressure, a fresh series of 
observations was made on decerebrate dogs, in which the cerebellum 
was removed with practically no loss of blood. The level of the decere- 
bration varied in different cases between the anterior limit of the 
anterior colliculi, and the upper limit of the pons. 
| The results were as follows: The arterial pressure did not seem to be 

affected at all by removal of the cerebellum, nor was the vascular 
response to occlusion of the common carotids any greater than before. 
The respiration, on the other hand, was found definitely increased either 
in rate or in depth in ten cases out of the fourteen studied. The effect 
was already noticeable during quiet breathing, but became much more 
marked during inhalation of air containing 5-10 % CO,, or of N,, when 
the respiratory excitation was often as much as one and a half times as 
great as before decerebellation. It would appear, therefore, that under 
the present experimental conditions the cerebellum exercises a tonic 
influence on respiration, an influence indeed quite different 
from that attributed to it by Mansfeld & Tyukody [1936], according to 
whom removal of the organ would be followed by abolition or marked 
_ depression of the respiratory responses to CO, or N, inhalation. 
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Changes in sodium and in other constituents of blood and 
extracellular fluids following scalds. By A. G. Ross Lowpon,} 
R. A. §. L. Raz, C. P. Stewart and W. C. Wison. (From 
the Umit of Clinical Research in Surgery and the Biochemical Laboratory, 
Royal Hospital for Sick Children, Edinburgh) 


A considerable fall in the level of serum sodium may occur in human 
beings after extensive burns or scalds [Wilson, Macgregor & Stewart, 
1938]. We have repeatedly confirmed this observation and have found 
also that the serum sodium is restored rapidly to a normal level by 
desoxycorticosterone acetate. These changes have been further investi- 
gated by animal experiment. Scalds were produced in cats under 
nembutal anaesthesia by immersing the hind limbs and posterior third 
of the trunk in water at about 90°C. for 5 sec. Subsequently the 
characteristic condition of ‘‘shock” supervened and the animals died 
in from 45 min. to 4 hr. after injury. 

After scalding the level of sodium in the serum of arterial blood and 
in cerebro-spinal fluid steadily declined, while the sodium in the red 
blood corpuscles tended to increase. These changes were not prevented 
by previous section of the spinal cord, decerebration, removal of the 
kidneys or of the suprarenal glands. | 3 

In control experiments without scalding the procedures of repeated 
withdrawal of blood samples, suprarenalectomy, nephrectomy, spinal 
cord section and decerebration produced no more than a small and 
transient fall of serum sodium. It seemed clear, therefore, that the loss 
of sodium from serum and cerebro-spinal fluid was independent of any 
action of the kidneys or central nervous system and that it was not due 
to impairment of functional activity of the suprarenal cortex, since the 
serum sodium did not fall after removal of the suprarenal glands in 
experiments of similar duration. — | 

It may be noted also that the diminished content of serum sodium 
was not merely a consequence of haemolysis of red cells which was an 
invariable sequel of scalding. 

The following facts suggest that the sodium was being lost into the 
scalded tissues: | 

(1) No significant fall in serum sodium occurred if the circulation to 
the scalded area were effectively occluded before scalding. 

(2) The serum of venous blood from scalded skin contained less 
sodium than did the serum of arterial blood. ; 


2 Vans Dunlop Scholar. 2 Houldsworth Scholar. 
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_ (3) When the isolated hindquarters of the cat were perfused with 
heparinized blood a sharp decline of plasma sodium began about 1 hr. 
after scalding and the plasma of outflow blood had a significantly lower 
- sodium content than the plasma of inflow blood. 

This theory has been tested by estimations - tissue sodium but 
_ the evidence is still incomplete. 
The action of desoxycorticosterone acetate in restoring the level of 


serum sodium after scalds has been confirmed in animal experiments; © 


45 min. after intramuscular injection of desoxycorticosterone acetate 
(Organon) the serum sodium had returned from a low to a normal level. 
How and from what source the sodium is mobilized has still to be 
determined. 

Other changes in the blood were noted after scalding. Haemolysis 
of red cells has been mentioned; it precluded satisfactory estimations of 
serum potassium. The chlorides of serum (or plasma), like the sodium, 
diminished, but the chlorides of whole blood increased. A curious feature 
was that when, prior to scalding, the cat was decerebrated or the spinal 
cord sectioned, then the serum chlorides, but not the serum sodium, rose 
instead of falling. Urea and non-protein nitrogen increased both in serum 
and whole blood, and there was usually a moderate rise in corpuscular 
concentration. 

Substantially the same changes in blood chemistry which followed 
scalding were noted when shock was produced by hammering the thigh 
‘muscles of the cat. 
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Experiments with the dark adaptation test. By (. P. Srzwarr. 
(From the Biochemical Laboratory, Royal Infirmary, Edinburgh) 
In a series of over 300 adults there was no correlation between the 


response to the dark adaptation test and the intake of vitamin A 
estimated from careful diet histories. 


Nearly all those given large doses of vitamin A concentrate (12,000- 
24,000 units per day) showed some improvement in dark adaptation 


whether their original adaptation was good or bad. The greatest im- 


provement, however, was shown by those taal who were originally 
below the average. 
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The estimated vitamin A intake included carotene, and the relative 
amounts of vitamin and precursor varied. Since the efficiency with 
which carotene is absorbed and utilized by man is not definitely known, 
experiments are being made to determine how far this accounts for the — 
absence of correlation between vitamin A intake and dark adaptation. _ 

There are, however, other factors. Sex is without influence, but there 
is definite correlation between age and dark adaptation. 

In attempts to improve the dark adaptation by additions of food to 


_ the diet, it was found that oranges produced much greater improvement 


than did eggs or tomatoes with equal content of potential vitamin A. 
Following on this, it was found that pure ascorbic acid, in daily doses 
of 150 mg., produced as great an improvement in dark adaptation as did 
daily doses of 24,000 units of vitamin A. Re-examination of the diet 
histories showed that good adaptation was invariably shown by subjects 
with good intake of vitamins A and C, and vice versa, though sate was 
a large intermediate group impossible to —" 


The suppression by ergotoxine of bronchoconstriction produced 
by acetylcholine and by stimulation of the stellate ganglion 
in the guinea-pig. By Caruerine 0. Hess, Beit Memorial Research 
Fellow. (From the Department of Physiology, University of Edinburgh) 


In a study of reflex bronchomotor phenomena in the curarized 
non-anaesthetized guinea-pig it has been reported by Binger, Gaarde 
& Markowitz [1931] that various cutaneous and “emotional” stimuli 
produce reflexly bronchoconstriction or bronchodilatation. Similar 
effects are produced by stimulation of the peripheral ends of the cut 
cervical vagi. They found further that neither section of the vagi nor 
the administration of atropine, in amounts sufficient to render the vagi 
inactive, will wholly ‘suppress the reflex effects described. They infer 
from this evidence that the efferent pathways involve partly the vagal 
innervation of the lungs and partly the sympathetic; and suggest that 
stimulation of the thoracic sympathetic should produce bronchomotor 
effects similar to those produced by excitation of the vagi. In respect of 
bronchoconstriction this assumption has not so far been justified by 
direct experimental evidence. Cordier & Magne [1927] had earlier found 
that stimulation of the stellate ganglion produces either no effect or very 
slight bronchodilatation, and Dale & Narayana [1935] have since reported 
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that electrical excitation of the stellate ganglion has no effect on the 
bronchi, but in one out of four cases causes vasoconstriction. 

Methods. In the experiments to be described here the problem has 
been reinvestigated with a special view to determining the nature of the 
 bronchomotor responses of the perfused guinea-pig lung to stimulation of 
the stellate ganglia. With a few minor modifications the technique used 
was the same as that described by Dale & Narayana [1935]. In some 
_ experiments the perfusion fluid was being continually replaced ; in others, 
approximately 20-30 c.c. was recirculated. 

Results. It has been definitely established that stimulation of either 
or both stellate ganglia i in the guinea-pig may cause marked broncho- 
constriction and, in half as many cases, pulmonary vasoconstriction. 
The strength of current necessary to produce the bronchomotor effect is 
of the same order as that necessary to evoke a similar response by vagal 
stimulation in the same kind of preparation. Bronchoconstriction was 
produced by stellate ganglion stimulation without difficulty i in thirteen 
out of sixteen experiments. 

In six of the thirteen experiments where tncinlelicntindteieston occurred 
pulmonary vasoconstriction also occurred. It has not as yet been 
_ determined how much this vasomotor effect is directly.due to the nerve 
stimulation and how much it is brought about mechanically by the 
coincident rise in intrapulmonary pressure. 

The bronchoconstrictor action of stellate ganglion stimulation is 
potentiated by eserine in concentrations of 1: 200,000 to 1: 100,000 
(five experiments), and suppressed by atropine in concentrations of 
1: 100,000 to 1: 20,000 (six experiments) and by ergotoxine, 1 : 70,000 
to 1: 20,000 (five experiments). In some cases the effects of two of these 
drugs were observed on the same preparation: thus the potentiation by 
eserine and suppression by atropine of the bronchoconstrictor action 
were demonstrated on the same preparation (two experiments); as were 
the potentiation by eserine and suppression by ergotoxine (two experi- 

ments); and finally the suppression by both ergotoxine and atropine (one 
experiment). The inhibition of the bronchoconstrictor response by 
ergotoxine may last as long as 2 hr., but if the circulating fluid is 
replaced by fresh Tyrode the inhibition may disappear in 20-40 min. 
The recovery from atropine inhibition is facilitated by the same pro- 
cedure. 

The action of acetylcholine on the guinea-pig lungs has also been 
studied. Confirming Dale & Narayana [1935], it was found that 
acetylcholine (single injections of 1-20yg.) always causes broncho- 
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_ constriction and pulmonary vasoconstriction, The effect on the bronchi 


is usually prolonged: Whether it is potentiated by eserine there is as 


_ yet no evidence on which to decide. Its action on the bronchi is 


suppressed by atropine (1: 100,000 to 1: 70,000) and by ergotoxine 


(1: 70,000), each of these effects having been demonstrated in the same 


preparation in which the bronchoconstriction of stellate ganglion stimu- 


_ lation was prevented by the same two drugs in similar doses. 


From the foregoing evidence it seems probable that in the guinea-pig — 
the bronchomotor fibres given off from the stellate ganglia are cholinergic 
in type; and that the bronchomotor mechanisms of the guinea-pig are 
exceptional in the sense that the motor response to cholinergic stimuli 
is prevented by ergotoxine as well as by atropine. The reversal by 
ergotoxine of pulmonary vasoconstriction caused by acetylcholine in the 
dog [Aleock, 1936] and of the bronchoconstriction produced by stimula- 
tion of the cervical vagi and cervical vagosympathetic nerves in the 
guinea-pig [Petrovskaia, 1939] appear to be related to the phenomena 
described in this eon 
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A general purpose speedometer. By G. H. Bett and J. B. vz V. Weir. 
(From the Institute of Physiology, University of Glasgow) 

Bayliss & Miiller [1933] have given a basic circuit for the design of 
a frequency meter. The essential feature is that a condenser with a leak 
receives a fixed charge at each event and the potential across the 
condenser measures the frequency of the event. The difficulty of their 
design is in the method of switching in and out the condensers. This 
difficulty can be removed and several advantages gained by using a 
thyratron valve. 

In the circuit of Fig. 1 the condenser C, is charged through a resistance 
R,; @ positive pulse arriving at the grid of the valve V discharges C, so 
that its charge is shared between C, and C,. The greater the speed of the 
impulses the greater the voltage across C, and its leak R,+R,. When 
the voltage across (, rises the anode voltage of V falls by the same 
amount, and therefore a greater positive pulse is required to trigger the 
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valve. In order to maintain the sensitivity constant over a wide range 
of speeds a fraction (1/27th in our case) of the voltage across C, is applied 
to the grid, i.e. the voltage drop across R,. This fraction is obtained from 
the anode volts/grid volts characteristic of the thyratron. By this means 
with the circuit values given here only 0-02 V. is sufficient for each pulse 
at low frequencies,. but for covering a large range of frequencies a larger 


Fig. 1. Circuit diagram of speedometer. R,, 150,0002.; Ry, 10000.; R,, 27,0000.; 
C,, 0-5 pF.; C,, 200 pF. (electrolytic); Z, 240 V.; V, GTIC (Osram); M, voltmeter. 


voltage is required. The grid voltage can be accurately adjusted by means 
of the potentiometer P and the valve brought as near to the discharging 
state as may be desired. Thus it may be made to reject grid impulses 
below a given value and to react to all those above this. 

The values given in the legend are suitable for counting rates of 60 to 
180 per min. For higher frequencies the time of charging of C, becomes 
of importance but it is easily decreased by decreasing C,. By suitable 
choice of condensers and resistances the circuit can be made to operate 
over a very wide range of —" 
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Zein and resistance to oxygen want. By J. Axcyit CampsELt. 
(From the National Institute for Medical Research, London) 


Using the same technique as in previous researches [Campbell, 1939], 
the protective effect of zein, a protein of maize, has been studied further 
in white rats submitted to severe anoxia. Other proteins, combinations 
of protein and individual amino-acids, have also been tested in synthetic 
diets, with the following conclusions: 

(1) A diet of whole maize gives no protection, but if zein be added to 
form 25% of the diet, protection again becomes evident. 

(2) Amino-acids which aid protection in some degree against oxygen 
want include tryptophane, tyrosine, lysine and glutamic acid. 

(3) In oxygen deficiency unfavourable amino-acids are histidine, 
arginine and cystine. 

(4) Alanine and leucine do not influence me result one way or the 
other. 

(5) Zein is the only protein so far tested which may form from 12 to 
50%, of a starch diet (with vitamins and salts but without cellulose or 
other absorbent) and give protection against oxygen want somewhat 
similar in extent to that of a pure carrot diet. 

(6) The main factor underlying these results is evidently the effects 
of the various amino-acids upon the bacterial flora in the intestine. These 
bacteria may form poisonous substances, for example, histamine and 
compounds of guanidine, from histidine and arginine respectively; and 
other unknown poisonous substances may arise which are oxidized under 
normal oxygen pressure. 

(7) The favourable factors rendering a pure carrot diet protective 
against oxygen want include (a) low protein content, (b) presence of 
fibre, (c) presence of glutamine, and (2) adverse influence upon intestinal 
bacterial flora. 

The full details will be published elsewhere. 


| REFERENCE 
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Alveolar air on Mount Everest. By C. B. M. Warren 

During the expedition to Mt, Everest in 1938 samples of alveolar 
air were taken from: several members of the climbing party. These 
samples were taken during rest: by the same method that Greene [1934] 
adopted during the expedition of 1933, and were collected in evacuated 
glass bulbs which were subsequently sealed in the flame of a candle. The 
analyses were made by Dr C. G. Douglas at Oxford on 17 February 1939, 
some nine months after they were taken, when the bulbs were found to 
be intact and in good condition, with no sign of visible moisture inside. 


‘When opened under mercury those used at Camps ms and IV contained 


air at less than half an ee pressure. 


Taste I 


Alveolar air 

Baro- | co, 0, 

meter pressure pressure 
. Height mm. CO, mm. 0, mm 

Date Camp inft, Hg Subject % Hg % Hg Re 

12,800 487 Lloyd 624 274 1254 6552 0-69 
21.v 21,200 360* Warren 530 166 1414 443 
21.v 21,200 360 # Lioyd 602 189 1318 412 40-73 


Ill 
IV 22,800 Warren 473 137 39:7 0-60 
10.vi IV 22,800 337 Warren 562 163 12:26 35:5 0-59 
i IV 22,800 337 Odell 575 167 1240 359 0-62 


pressure assumed from data by FitzGerald [1913]. 
Bareaetco from date by 934}. 


The results were as shown in Table I. It is unsatisfactory that the 

majority of the samples showed an abnormally low z.9. The two best in 
this respect are those taken at Camp III, the average alveolar gas 
pressures for the two subjects being mm. CO, and 42-8 mm. 0Q,. 
Greene at the same camp in 1933 recorded an alveolar CO, pressure in 
himself of 21 mm. and an O, pressure of 39-6 mm., and Dill, Christensen 
& Edwards [1936] in the recent expedition to the Chilean Andes found 
an average alveolar CO, pressure of 21-4 mm. (17-2-24-2 mm. in different 
subjects) and an average QO, pressure of 37-7 mm. (32-6-42-6 mm.) at a 
height of 20,140 ft. and a barometric pressure of 356 mm. Hg. 
_ Warren was better acclimatized on his second visit to Camp IV on 
the North Col on 10 June than he had been on his first visit on 28 May, 
and the results obtained on him and on Odell may serve, in spite of the 
low respiratory quotients, to give an indication of the alveolar gas 
pressures that may prevail during rest at an altitude-of about 23,000 ft., 
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| the average being 16-5 mm, CO, pressure and 35-7 mm. 0, compared 
_ with the values 19-3 mm. CO, and 38-8 mm. 0, obtained by Greene on 
himself at the same in 1933. 
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The effect of prolan upon fertility in the silver fox. (Preliminary | 
communication.) By Henry Dryerre. (From the Department of ig 
Physiology, Royal (Dick) Veterinary College, Edinburgh) 


This experiment was initiated in an attempt to increase the size of 
the litters in the silver fox. For this purpose, 30 rat units of prolan 
_ _ (Bayer) were injected into each of 201 vixens; as controls, 235 vixens of _ 
_ comparable age and breeding history were used. The treated animals 
- together with their controls were kept under comparable conditions as to 
feeding and husbandry. 
At the end of the whelping season, the following were the gross results: 


Total Total cub Cubs per 
vixens yield 100 vixens 


Treated 550 274 
Controls 235 477 203 | a 
‘These figures show that in the injected group, for every 100 vixens g 
___ there was an increased cub yield of 71, when compared with an equivalent | 
of control animals. 
On submitting the results to analysis it was found that this increased 
cub yield was not due to an increase in the size of the litters, but to the 
fact that the injected animals showed a larger percentage of successful 
-Inatings than did those in the control group and therefore had a larger 
number vee litters. This is shown i in the following table: 


No. of Litters per 
Total no. litters 100 vixens 


n Controls 235 (4112 48 
Both groups contained animals of all breeding ages. and the 
e | bution of the ages as between the two groups was comparable. The 
8 number of the litters for the different age groups in the treated animals 
= 4 was —— with the rolevant figures for the — age groups in 
c2 
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the controls, and it was found that the beneficial effects of the prolan 
injections were confined to the young vixens which were in their first 
breeding season. This is shown in the following table: , 


their first breeding season. : 
—_—_ No. of cubs No. of 


No. of Percentage Total per 100 = cubs per 
No. litters  whelping cub yield vixens litter 
Treated 83 43 52 210 4-0 
Controls 111 32 29 121 | 109 3:8 


From these figures it will be seen that the effect of the prolan was to 


increase the number of successful matings in the young vixens. No 
significant difference was found in the size of the litters as between 
injected and control animals, This work is still in progress. 


? I am indebted to Messrs Bayer Products, Ltd., for putting at my disposal a supply of 
prolan sufficient to cover the experiment. 


Further observations on bone overgrowth and nerve degenera- 
tion produced by defective diet. By Epwarp MELLANBY 

Widespread nerve degeneration produced in young animals by diets 
deficient in vitamin A (and carotene) and rich in cereals has been pre- 
viously described [Mellanby, 1931, 1934, 1935]. In a detailed examination 
of the degenerative changes in the 8th nerve of dogs, it appeared that 
these were due to overgrowth of bone of the labyrinthine capsule 
[Mellanby, 1938q, b]. Macroscopic changes of the bone in the skull also 
suggested that bone overgrowth in other regions might well account for 
the degenerative changes in the trigeminal and optic nerves [Mellanby, 
Trigeminal nerve 

After removal of the petrous ridge in these animals the abnormal 
curvature of the central branch of the 5th nerve can often be seen by 
naked eye. Serial sections show that overgrowth of this ridge and to 
some extent of the bone supporting the Gasserian ganglion compresses 
both the ganglion and the nerve centrally to the ganglion. In advanced 
cases the ganglion becomes elongated and the central roots of the nerve 
near the ganglion bent. In one case enlargement of a small portion of 
bone partially plugged the foramen of the 5th nerve. | 


Optic nerve 


Transverse serial sections of the optic nerve and secieiadinn ae 
showed _ closure of the foramen and compression of the nerve. 
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Pituitary body 

The seal of the posterior clinoid process grows PELE and slightly 
downwards and there is also overgrowth of the anterior clinoid process, 
so that the pituitary body may be thus compressed between them and 
its antero-posterior length decreased. Elongation and degeneration of 
the cells in certain parts of the pars anterior are sometimes seen. 

When it was realized that bone overgrowth was so widespread, a 
general study of the skull was made and the frontal, parietal and occipital 
bones were found to be affected. In fact, the overgrowth round the 
foramen magnum may be so great as almost to obliterate the cisterna 
magna, This may also account for the increased pressure of cerebrospinal — 
fluid, which is sometimes nearly twice as high as that of animals receiving 
vitamin A. With the increased intracranial pressure, the choroid plexus 
may be bunched up and its structure altered greatly. 


Vertebral column and spinal nerves 
Definite bone and other abnormalities were also revealed by serial 
sections through the vertebral column and spinal cord. The spinal canal 
is smaller in diameter and the space surrounding the spinal cord, con- 
taining loose fatty tissue and the cerebrospinal fluid, is reduced. This 


ry _ may cause some increase in pressure on the cord and nerve roots. A 


more definite pressure effect can sometimes be seen in the case of the 
posterior root ganglion: this structure is compressed between the 
intervertebral disc and the lateral portion of the vertebra. 

Other bones are also altered by these diets but the changes vary in 
degree: bones showing these changes including the femur, the radius, 
the ulna and the ribs. The bone overgrowth consists generally of an 
increase in bulk rather than of an increase of calcified tissue, the increase 
in size often being due to the bone becoming less compact and more 
cancellous. In some cases, however, there is a definite increase in 
calcified tissue as in the labyrinth. 

Most of these observations have been made on young dogs. Evidence 
has been obtained, however, that the same diets may affect the bones of 
adult dogs, but the changes in such cases take much longer to produce. 
Rabbits and rats react similarly. 
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Thrombokinase from the brain. By J. B. Lzatues and J. MetLansy 


Howell [1912] described the preparation from dried brain of a 
“thromboplastic substance” which clotted a solution of dried peptone 
plasma, and which was soluble in ether and precipitated from ethereal 
solution by acetone and by alcohol. From its solubilities he regarded it as 
kephaline. 

An aqueous extract of fresh or dried brain clots bird’s plasma and 
also converts prothrombase in the presence of calcium into thrombase. 
Prothrombase was prepared by Mellanby’s method [1930] and 20 mg. 
of the dry powder was dissolved in 10 c.c. of water containing 2 drops of ‘ 
1% sodium carbonate solution: 0-5 c.c. of this (=1 mg. prothrombase) | 
was treated with 0-4 c.c. of N/40 CaCl, and 0-1 c.c. of the solution to be . 
tested for kinasic activity. The mixture was kept at 38°C. and at : 
intervals of 3 min. 0-1 ¢.c. was added to 0-5c.c. of oxalate plasma 
also at 38° C.: the time at which clotting took place noted: an active 
thrombase mixture would after 3 min. clot the plasma in 10 or 12 sec. 


It was found that the kinase could be removed completely from a | 3 
brain extract by bringing it to pH 5:5: the precipitate redissolved in alkali, 1s 
N/500, was active. It could be dried and retained its activity if kept dry. 4 


Brain, dried and exhausted by prolonged extraction with acetone, 
could be extracted with ether or petrol ether without loss of activity, and 
the ether or petrol extract after removal of the solvent and a dispersion : 
of the dry residue in water had only a slight kinasic action, much less rE 
than an aqueous extract of the same weight of the original | brain powder 7 
or pH 5-5 precipitate. 

Some grams of the precipitate thrown down at pH 5:5 io an . 
extract of brain which had been exhausted with acetone and petrol ether ‘ | 
were prepared and solutions of the dry powder in dilute alkali were a 

tested quantitatively for their kinasic activity. : 

The most active source of thrombokinase known to us is daboia 
venom of which a dried preparation was available: of this 0-005 mg., 
after acting on 1 mg. of prothrombase for 6 min., clotted 5c.c. of oxalate 
plasma in 20 sec. | 

The activity of the »H 5-5 precipitate from the brain extract was of 
the same order, the prothrombase requiring about 1% of its weight of 


the kinase powder to produce a thrombase of this efficiency. (But see 
the following note. ) 
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The action of lecithine on the thrombokinase of daboia venom 
and of brain extracts. By J.B. Leatrues and J. Metuansy 


- Lecithine obtained from brain or the yolk of egg, that has been 
exhausted with acetone, by extraction with cold alcohol has the property 
of increasing the activity of the thrombokinase in daboia venom. In 
one experiment 0-5 c.c. of a solution of prothrombase containing 1 mg. 
was treated with 0-4 c.c. of N/40 CaCl, solution and 0-1 ¢.c. of a very 
weak solution of dry venom, containing only 0-4 yg.: even after inter- 
acting for 24 min. 0-1 c.c. of the mixture did not clot 0-5 c.c. of oxalate 
plasma in 20 min. Of the same mixture containing also 30 yg. of lecithine 
from eg¢ yolk, 0-1 c.c. removed after interacting for only 3 min. clotted 
the plasma in 1 min.: and with 3 yg. of lecithine instead of 30, the | 
interaction being for 12 instead of 3 min., clotting was given in 1 min. 
10 sec. More than 30 yg. of lecithine did not further increase the effect. 

Lecithine obtained from brain appears to be rather more effective 
than that from yolk of egg; but it has itself some slight kinasic action 
which egg lecithine has not. 

Something similar, but in a much less pronounced degree, can be 
observed when lecithine is added to the kinase precipitated from sien 
extracts at pH 5-5, more distinctly with brain lecithine. 

Preparations of kephaline obtained in the way in which Howell pre- 
pared his had no such action: they may even retard the formation of 
thrombase. | | 
If this action of lecithine is comparable with that of coenzymes, then — 
it would seem that the thrombokinase in brain is already provided with 
nearly the optimum amount, while that in daboia venom is lacking in it 
in a very marked degree, its activity in the presence of lecithine being 
increased tenfold at the least. 

After this note was in print it was learnt that the action of lecithine 
in augmenting the haemostatic activity of daboia venom had been 
previously observed by J. W. Trevan and R. G. Macfarlane and that a 
note to this effect appeared in the Annual Report of the Medical Research 
Council for 1936-7, p. 143. 


Further observations on muscular rigidities in cats. By E. G. T. 
and C. G. (From University Laboratory of 
Phystology, Oxford) 

Using Adrian electrodes in a Souttar- Beattie stereotaxic apparatus, 
electrolytic lesions have been placed —! in various parts of the 
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basal ganglia (caudate and lenticular nuclei and subthalamic region) of 
twenty-three cats. The animals have been allowed to survive for periods 
ranging from 1 week to 4 months. After death, the lesions have been 
examined by Weigert’s or Busch’s method. 

No rigidity is evident in the gait after these lesions, unless the 
destruction is extensive, But when the cat is nursed comfortably on the 
observer's lap [Langworthy, 1928], marked “ non-clasp-knife ” extensor 
rigidity is evident in the contralateral hind limb. This sign abates some- 
what during the first week after the operation, probably coincidently 
with reduction in surrounding oedema. Later, in a steady state, a cat of 
2-5 kg. body weight may need a pressure of 2-5-3-0 kg, to flex the stiffly 
extended leg, as against 1-0 kg. for its non-rigid fellow. The flexor reflex 
in the rigid limb is of high threshold and is markedly delayed, the animal 
mewing before withdrawal from a pinch of the toe. Voluntary power seems 
unimpaired in the rigid muscles, but the non-ripid limb is used in pre- 
ference to the rigid limb. Using a pair of spring balances attached to the 
hind paws by washleather sandals to extend the limbs when they are 
flexed, 1-0 kg. or less is required to extend the limb on the side opposite 
to the lesion, but the limb on the side of the lesion needs 2-5 kg. or more 
and offers tremulous resistance. 

_ Rigidity is not confined to the hind limbs. The head may be rotated 
and turned towards the side of the lesion. The contralateral, and some- 
times also the ipselateral eyelids are held immovably open, the nictitating 
membrane being used spontaneously, or reflexly when the cornea is 
touched. In walking the animal circles towards the side of the lesion. 
There have been no signs of tremor or of other involuntary movements, 
even after bilateral lesions. 


The needle track through the cortex is imperceptible, and in sate : 
animals in which the overlying cortex was purposely injured, only slight — 


and variable effects have been found. The simple passage of a needle 
through the cortex and underlying white matter, without electrolysis, 
_ gives rise to no physical signs. 


In preliminary experiments on the effect of deafferentation, there 


appears to be reduction or banishment of the rigidity. In one case a 


dorsolateral section of the spinal cord did not increase the previously- 
existing release. In another, after recovery from spinal shock following 


a ventrolateral section, the previously-rigid limb was ier to be still 


more rigid than its fellow. 
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Specific gustatory impulses. By Cart PrarrMann’. 
(From the Physiological Laboratory, Cambridge) 


Impulses in the chorda tympani and glossopharyngeal nerves of the 
cat were recorded by the usual Matthews oscillograph and amplifier 
system. The preparation, either decerebrated or under dial anaesthesia; 
was placed in a heated moist chamber so that the nerves and tongue 
surface were kept warm and moist. When either of these nerves is placed 
on the electrodes, a continuous background of activity is detected which 
can be markedly increased by the application of 1M NaCl, 0-1N HCl, 
and 0-02M quinine hydrochloride solutions to the lingual surface. On 
the other hand, saturated solutions of sucrose rarely called out a response, 


i 
‘ 


| 
Fig. 1. The response of a single fibre preparation to 0-05. acetic acid. The initial upward 
deflexion of the base line signals the moment of application and after a latency of 
about 0-1 sec. the response begins. Note the irregular character of the discharge. 

Time line, 0-1 sec. | 
as Barron [1939] and Zotterman [1935] have previously noted. All 
solutions were maintained at 35-37° C. and were applied with a small 
brush saturated with the solutions. Histological controls show that taste 
buds are to be found in all regions from which such activity can be 
aroused. Application of these solutions to regions free of taste buds 
produced no response in either the chorda or trigeminal fibres. Both the 
spontaneous activity and the response to the above solutions can be 
abolished by anaesthetics applied to the lingual surface. _ 

Maps of the regional sensitivity based on the magnitude of the dis- 
charge in the intact nerves show that the tip and sides are most responsive 
to sodium chloride, the posterior region to quinine and that acid sensi- 
tivity is developed in all parts except the mid-dorsal region which is also 
characterized. by well-developed horny filiform papillae. 

‘Single fibres, as judged by the appearance of the potential record, 
have been obtained by dissection (Fig. 1). The irregular nature of the 
discharge is characteristic and resembles that described by Pumphrey 
in the frog [1935]. Three main types of fibre in the chorda have been 
found: (1) those responding only when HCl or acetic acid are placed on 
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the tongue, (2) those responding to NaCl and to acid, (3) those responding 
to quinine and to acid. One or two results suggest that a few fibres may 
not respond to acid. This capacity of acid to stimulate most fibres 
accounts in part for the widespread acid sensitivity shown by the full 
nerve response. _ 

~ These fibre categories are based, of course, upon the four types of 
stimuli used for testing. There is evidence that certain other substances 
may also stimulate more than one fibre, so that if a wide variety of agents 
were used, each fibre might be found to have a chemical “spectrum” 
which overlapped those of other fibres. Whether there are different types 
of taste buds in the cat, corresponding to these fibre types, cannot at 


present be decided. These results do show, however, that there is some — 


peripheral sensory structure which can respond-specifically to certain 
gustatory stimuli, but not to others, providing thereby an afferent 
mechanism for qualitative gustatory discrimination. eae 
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The excitation mechanism of the chemoreceptors of the carotid 
body. By U. 8. von Evier, G. and Y. ZoTrERMAN. 
(From the Physiological and Pharmacological Laboratories of Karolinska 
Institutet, Stockholm) | 
Heymans, Bouckaert & Dautrebande discovered in 1930 that 
oxygen lack and carbon dioxide increase respiration in animals by 
stimulating certain receptors in the carotid sinus body, whereas the 
respiratory centre reacted only upon carbon dioxide. The question as to 
whether ‘the chemoreceptors responding to oxygen want and carbon 
dioxide are of different kinds has not been answered conclusively as yet. 


By studying the axon potentials from the nerve of Hering in the cat — 


under chloralose or urethane, using a method previously described of 


isolating the chemical fibres [Zotterman, 1935], we have found that 


stepwise reduction of the number of fibres carrying chemical impulses, 
down to a few fibres only, cuts down the number of potentials set up by 
_ oxygen lack and by carbon dioxide in about the same proportion, which 
strongly suggests identical receptors. It would, therefore, be natural to 
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assume that both factors act by a common mechanism and most probably 

this is connected with a change in reaction to the acid side in the sensitive 

cells, 
EMMMMMM EmMMMM 


wwe 


Ft v vvv v 


Fig. 1. Axone potentials from the nerve of Hering. A, chemical fibres isolated and reduced 
in number. Art. resp. 7:2% O, in N,; B, the same immediately after intravenous | 
injection of NH,; C, 16-4% CO, in N,; D, the same after NH,; E, all fibres active, 


oxygen want; F, the same after NH,; G, spont. resp., air, KCN intravenously; 
H, same after NH,; I, spont. resp., air; J, lobeline; K, same after NH. 


If this view is correct it would be possible to prove it by changing the 
reaction in the opposite direction, i.e. to the alkaline side. For this 
reason we have injected ammonia in moderate doses intravenously 
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(0-5-2 o.c. of a 0-5N solution) and recorded the impulses from the sinus 
nerve. The injection promptly caused a complete temporary dis- 
appearance of all chemical potentials elicited by oxygen lack or carbon 
dioxide (Fig. 1, A-D). The selective action on the chemoreceptors was 
shown by the fact that the pressure impulses were still present (Fig. 1, 
E, F). The stimulating action of cyanides on the chemoreceptors including 
the late action [Euler & Liljestrand, 1937] was abolished in the same way 
by ammonia (Fig. 1, G, H). On the other hand, ammonia had no effect on 


the chemical impulses set up by lobeline or nicotine, which shows that — 


this type of stimulus has a different point of attack as compared with the 
aforementioned (Fig. 1, I-K). 

Thus, since the chemical receptors responding to oxygen lack and 
carbon dioxide are set out of play by a dose of ammonia, leaving the 
presso-receptors still active, we must conclude that ammonia acts by 
annulling an influence produced in common by oxygen lack and by 
carbon dioxide. It seems reasonable, then, to assume that this action 
is to neutralize the increase in acidity within the reacting cells, caused by 
these factors. 

A full account of these experiments will appear in Skand. Arch. 
Physiol. 
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Increase of blood pressure by perfusion of the ischaemic kidneys 
of hypertensive dogs. By J. J. Boucxarrt, K. 8. Grimson and 


C. Heymans. (From the Department of Pharmacology, University 


of Ghent) 


Numerous investigations have been performed in an effort to deter- 
mine the manner in which the kidney made ischaemic produces hyper- 
tension, The sympathetic nervous system is not essential [C. Heymans, 
Bouckaert, Elaut, Bayless & Samaan, 1937; Freeman & Page, 1937; 
Alpert, Alving & Grimson, 1937; Verney & Vogt, 1938] and hypertension 
can be produced by ischaemia of transplanted kidneys [Blalock & Levy, 
1937]. These experiments show indirectly that the hypertension must in 


some manner be effected through the blood stream. Attempts to demon- 


strate a vasopressor substance in the blood of hypertensive dogs [C. 
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Heymans & Bouckaert, 19386; Katz, Friedman, Rodbard & Weinstein, 
1939] or man [Pickering, 1936; Prinzmetal, Friedman & Oppenheimer, 
1938] have been unsuccessful. On the other hand, Fasciolo, Houssay & 
Taquini [1938] have observed that the transplantation of ischaemic 
kidneys of hypertensive dogs into the circulation of other dogs will, under 
the conditions of their experiments, produce increase of blood pressure. 

Twelve experiments have been performed to re-investigate this 
problem. Renal-ischaemia hypertension was produced in 8 animals by 
applying Goldblatt clamps and in the other 4 animals by employing 
externally adjustable clamps [Grimson, 1939]. 

The average of the control blood pressure in the non-anaesthetized 
animals was 137 and of the post operative hypertensive pressures 198 mm. 
of mercury. 

In the perfusion experiments both carotid arteries and jugular veins 
of the normal dog were prepared, under chloralosane anaesthesia, with — 
cannulae for perfusion [C. Heymans & Bouckaert, 1938a] and the 
systemic blood pressure was recorded from the femoral artery. The renal 
pedicles of the perfusing dog were ligated in eight experiments and in four 
experiments the volume of the denervated spleen was also registered. 
After recording the control blood pressure, the kidneys of the hypertensive _ 
dogs were perfused through the renal arteries, proximal to the clamp, and 
veins by the previously prepared and connected carotids and jugulars of 
the normal dog [J. F. Heymans & Kochmann, 1904] and the effect on the 
blood pressure of the latter was noted. In three experiments no alteration 
of blood pressure occurred, but the experimental conditions were not 
satisfactory. In two other experiments conducted under good conditions 
no alteration of the blood pressure of the perfusing dog was also noted. 
In the remaining seven experiments the blood pressure of the perfusing 
dog rose 18, 18, 24, 26, 34, 36 and 56 mm. of mercury respectively; in 
three experiments a slight gradual contraction of the denervated spleen 
of the perfusing dog was also observed. The highest blood pressure 


‘elevation occurred in a perfusing dog that did not have its own renal 


circulation ligated. 

These experiments partly confirm those of Siiiube, Houssay & 
Taquini [1938] and show that, under certain experimental conditions, 
the incorporation of the kidneys of a renal-ischaemia hypertensive dog into 
the circulation of another normal dog will produce an elevation of blood 
pressure. 

In order to be able to induce a sustained high blood pressure, the 
liberation of this yet not very active vasopressor renal factor must, 
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however, be associated with either a primary or a secondary disturbance 


of the physiological, under normal conditions very effective, mechanisms 
of the proprioceptive homoeostatic blood pressure regulation [Bouckaert, 


Elaut & Heymans, 1936; C, Grimson, 1939]. 
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The pressor response of hypertensive rabbits to injections of 
tyramine and posterior pituitary extract. By G. M. Brown, 
F. J. McLean and B. G. Marcrarru. (From the Sir William Dunn 


School of Pathology, Oxford) 


Attempts have been made to implicate tyramine in the sii s 


of the hypertension which follows interference with the renal blood 
supply. There are conflicting reports regarding the presence of tyramine 
in the blood stream of hypertensive animals. Verney & Vogt [1938] have 
compared the sensitivity of the hypertensive dog to that of the normal 
animal and in 4 out of 5 cases found that the pressor response to a given 
amount of tyramine was greater following the production of hypertension 
by renal artery constriction. 

The possible role of the pituitary body ee also been investigated. 
Page [1936] and Page & Sweet [1936, 1937] found that in dogs which 
had previously been hypophysectomized it was possible to produce 
only a temporary hypertension by constriction of the renal arteries. 
ee in hypertensive dogs resulted in a fall of blood pressure 
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sometimes to normal and sometimes to a level still above normal, where 
it was maintained. Thyreoid feeding partially restored the pressure; 
theelin and: antuitrin had no effect. 

We have therefore studied the reactions of rabbits to injections of 
tyramine and posterior pituitary extract (Infundin, Burroughs Wellcome 
and Co.) before and after the production of hypertension. For the 
injections of tyramine the animals were anaesthetized with 33 mg. of 
nembutal per kg. body weight, given intravenously. The sensitivity to 
infundin was always tested on another day, and 15-25 mg. of nembutal 
were given subcutaneously in addition to the intravenous dose. The blood 


_ pressure was measured by the carotid loop method, observations being 


taken at intervals of 10-60 sec. The increase in blood pressure was 
calculated by subtracting the average pressure for the 2 min. previous 
to the injection from the average of the three highest readings subsequent 
to the injection. The doses of the drugs to be tested varied according to 
the weight of the animal: 0-5 mg. of tyramine per kg. and 0:12 and 
0-06 unit of infundin were the doses selected, and these doses gave 
immediate, sharp pressor responses of a few minutes duration. The 
animals were made hypertensive by constricting one or both renal 
arteries by the method of McLean & Maegraith [1939]. 

Great individual variation was seen in the pressor response to both 
drugs, but the response of any one animal was remarkably constant; both 
during the course of one anaesthesia and over a period of weeks at 
different sittings. There was no correlation between the sensitivity to — 
tyramine and that to infundin in any one animal. Five animals received — 
injections of tyramine before and after the production of hypertension. 
In four cases the resultant increases in blood pressure were 38-244% 
greater after successful operation than before. (For details of these and 
subsequent experiments see Table I.) The fifth animal showed a decreased 


Taste. Increases of blood pressure in the rabbit following injections of given doses of 


Average Se (in mm. Hg) 


Average Before operation After operation 

no. BP. Tyramine Infundin Tyramine Infundin 
2716 81 nok 37 62 (142) 68 (136) 
2737 102 42 58 (151) Died 

: 93 29 34 57 (124) 67 (147) 
2819 32 36 53 Gy) 80 (122) 
2797 111 (145) 
2798 57 18 4 (100) 32 (108) 


Figures in brackets indicate hypertensive blood prosare lovele on day of injection of 
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response to tyramine injection after operation, but the blood pressure 
of this rabbit on the day of the experiment was only 5mm. Hg above 
the highest normal reading and laparotomy revealed that the clamp had 
slipped from the renal artery. On the day previous to this experiment 
there had been a definite hypertension and the animal had then showed 
an increased sensitivity to infundin. In five animals satisfactory in- 
jections of infundin were made both in the normal and in the hyper- 
tensive state. In four of these the pressor responses after operation were 
78-97 °/, greater thant those obtained when the animal had a normal blood 
pressure. The fifth animal showed almost no increase in blood pressure 
following the injection of an amount of posterior pituitary extract which 
had previously produced a rise of 27 mm. Hg. 

It can thus be seen that in the early stages of hypertension in rabbits 
there is an increased sensitivity to both tyramine and infundin. The 
degree of increased sensitivity is not related to the extent of the _— 
tension. 


| 
The work was also assisted by a grant from the Royal Society (B. G. M.). 
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The acuity of hearing of left- and right-handed children. 
By G. Briees, D. P. Cuoycr, J. Hitt and P. M. T. Kerrivce. 
(From the Department of Physiology, University College; London) 


The question has been raised as to whether there is any difference in 
the acuity of hearing with the left and right ears in persons without ear 
disease, and if there should be any, whether it is correlated with left- or 
right-handedness. An opportunity to answer the query occurred in the 
course of an investigation for another purpose in which the hearing of 
schoolchildren (ages 7-14 years) was tested. 

_ The gramophone audiometer was used, with the new English record 
made by Dr A. G. Wells for the London County Council. Each class of 
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about thirty children was divided into two groups. One group had the 
left ear tested first, the other the right ear. In this way the results 
should not have been influenced by fatigue, or by facilitation of arepeated - 
test. Only children who passed the test, and whose hearing could there- 
fore be deemed normal, were considered for the present purpose. 

180 children out of 2666 (6-75) were observed to be writing with 
their left hand. Their hearing acuity was compared with that of 180 right- 
handed writers, whose hearing record sheets were selected from the 2486 
with the aid of Tippett’s random sample number tables. The analysis 
of the hearing acuity of these two groups is given helow. 


A. 180 children with normal hearing, writing with their right hands. 

acuity in both 

B. 180 children with normal hearing, writing with their left hands. 


% 
Equal inbothears ... 


Thus over half the children in both groups used their ears equally, — 
but there was a difference between the two groups otherwise. About 
one-third of the left-handers used their right ears better than their left. 
Bordas [1937] stated that left-handed persons could do mechanical work — 
better with their right hands than left-handed people could with their 
left, basing his opinions on experiments on a small number of students. 
The underlying cause may be the same in the two cases. 

The small difference between the acuity of right and left ears of right- 
handed children may not be significant. But it may be due to the in- 
clusion in that group of children who had been taught to write with their 
right hand, although naturally left-handed. 

Among those children who failed the test, right and left ears were 
equally affected, so that there is no likelihood of the above results being 
affected by very slight ear disease. 


We are grateful to Dr F. N. David for advice on the statistical treatment of these 
results. : 
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The action of /-dopa decarboxylase. By Hermann 
BuiascuKo. (From the Physiological Laboratory, Cambridge) 


_ Ina paper by Holtz, Heise & Liidtke [1938] on enzymic decarboxy- 


lation of 1-(3: 4)-dihydroxyphenylalanine (l-dopa) to the corresponding 
amine, oxytyramine, the question is discussed whether this reaction might 
be part of a general /-amino-acid — according to the scheme: 


(1), RCHNH,.COOH RCH,NH,+00,. 


amine oxidase 

(2) RCH,NH, + H,0 +0, —+ RCHO + NH, + H,0,. 

Our experiments are not in favour of this suggestion, since, only /-dopa 
was decarboxylated by the enzyme. We used preparations from guinea- 
pigs’ liver and kidney which contain the decarboxylase. None of the 
following amino-acids formed CO, in the presence of the enzyme: d-dopa, 
and d-histidine. 

This remarkable substrate specificity confines the scheme given above 
to l-dopa. It is likely that the enzyme does not only act in the breakdown 
of l-tyrosine via I-dopa, but also in the formation of l-adrenaline from 
tyrosine. Four changes are necessary for this transformation: 

_ (a) Introduction of a phenolic OH group, 

(6) Introduction of an OH stains in the side chain, 

| (c) N-methylation, 
(d) Decarboxylation. 


Dopa N-methyl-dopa 
H H,NH, H HOH—CH,NH, 
H | 
Oxytyramine. .-... Nor-adrenaline.-. 
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If the decarboxylation is brought about by this enzyme then our 
results establish the sequence of some of these changes. The fact that 
neither tyrosine nor N-methyl-dopa are decarboxylated shows that de- 
carboxylation follows the introduction of the phenolic OH group but — 


precedes N-methylation. Independent support for the first conclusion 


is given by clinical observations in tyrosinosis where tyrosine given in the 
diet is partly excreted as l-dopa [Medes, 1932]. The second conclusion 
is supported by the observation that in perfused adrenals no adrenaline 
is formed from N-methyl-dopa [Heard & Raper, 1933]. The stage at 
which the OH group is introduced in the side chain is at present unknown. 

Our results are of interest with regard to the nature of the substance 


released after stimulation of the hepatic sympathetic nerves (Cannon’s 


sympathin E). Since N-methyl-dopa is not decarboxylated by the 
enzyme the first step in the formation of sympathomimetic amines in the 
organism must lead to a non-N-methylated amine, like oxytyramine 
or nor-adrenaline. In 1910 Barger & Dale concluded that “of the cate- 
chol bases those with a methyl-amino-group, including adrenine, repro- 
duce inhibitor sympathomimetic effects more powerfully than motor 
effects: the opposite is true of the primary bases of the same series”. 
Nor-adrenaline has already been suggested as a possible candidate for 
sympathin E [Bacq, 1934, Stehle & Ellsworth, 1937] because its pressor 
effect, like that of sympathin E, is not reversed by ergotoxine. We find 
that the less active oxytyramine resembles nor-adrenaline in this respect. 


“The author wishes to thank Prof. C. R. Harington for a number of substances. Work 
was carried out with a grant from the Ella Sachs Plotz Foundation. 
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The action of barbiturates on the response of amphibian 
muscle to electrical stimulation. By G. WEILER. —* the 
Nuffield Department of Anaesthetics, Oxford) 

Various substances have been added to Ringer’ s solution in which 
isolated frog’s rectus abdominis was contracting in response to constant 


break shocks at 10 sec. intervals. Records under isotonic and isometric 
a2 
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conditions show that the sodium salts of barbituric acid Gurverives 
bring about a sustained increase in the force of contraction. 

The relative potencies of six barbiturates investigated were of the 
same order as their relative anaesthetic activities. Thus the concen- 
tration of barbiturate required to double the height of the isotonic con- 
traction was: substance X (an unnamed thiobarbiturate); 1: 20,000; 
sodium-ethyl-(l-methyl-butyl) thiobarbituric acid (pentothal sodium) 
1 : 15,000; sodium thioethylamylbarbituric acid (thioethamy)) 1 : 15,000; 
sodium N-methyl cyclohexeny] barbituric acid (evipan sodium) 1 : 8000; 
sodium ethyl (l-methyl-butyl) barbituric acid (nembutal) 1 : 6000; 
sodium iso-amyl-ethyl-barbituric acid (sodium amytal) 1 : 3000. 


Fig. 1. Effect of barbiturate on rectus abdominis. Isotonic preparation, maximal break 
shocks at 10 sec. intervals. 3, pentothal sodium; 4, fresh Ringer. 


These substances enhance the response to a maximal or submaximal 
stimulus but do not render a subliminal stimulus effective. The poten- 
tiating effect may be reversed by renewing the Ringer’s solution. i 

Potassium chloride in concentration four times that of frog Ringer 4 
produces a similar effect which can a be superimposed on the barbiturate 
potentiation. 

This potentiation is not affected by curarine nor is it abolished by 
pentamethylene tetrazol (cardiazol), dimethylisoxazolecarboxylic acid 
diethylamide (cycliton), pyridine-B-carboxylic acid diethylamide (cor- 
amine) or picrotoxin. These latter substances reverse certain of the 
clinical effects of barbiturate intoxication. Though the barbiturates are 
all alkaline the action is not accounted for by an increase _— 

Eserine does not the effect. 
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The potentiation by eserine of bronchoconstriction produced by 

_ acetylcholine and by stimulation of the cervical vagus in 
isolated guinea-pig lungs. By J. W. Tuornton. (From the 
Department of Physiology, University of Bristol) 


Dale & Narayana [1935] state that acetylcholine injections or stimu- 
lation of the cervical vagus in isolated perfused guinea-pig lungs always 
cause bronchoconstriction and pulmonary vasoconstriction which are 
abolished by atropine but are unaffected by eserine. Hebb [1939], 
referring only to acetylcholine says: “whether it is potentiated by eserine 
there is as yet no evidence on which to decide”. My experiments agree 
with the above authors except on two points. First, while broncho- 
constriction is the rule on vagus stimulation [Thornton, 1932], pulmonary 
vasoconstriction is variable and vasodilatation is frequent [Thornton, 
1934]: both may occur in the same preparation (see Fig. 1). Secondly, 
I find that eserine does potentiate the effect of vagus stimulation on the 
bronchi [1934] and further experiments confirm this and add the fact 
that the effect of acetylcholine is also potentiated. 

For example, when separate doses of 1 and 10 yg. of acetylcholine 
produced respectively 6 and 10 mm. water bronchoconstriction in the 
absence of eserine, the same doses after 44 min. perfusion with eserine 
(concentration 1 in 5x 10*) gave responses of 15 and 35 mm. On the 
pulmonary vessels the figures were 5 and 20 mm. before eserine and 11 
and 23 afterwards. 

_I mentioned [1932] that the isolated vagus-lung preparation does 
not survive for long. The result is that successive stimulations of the 
nerve produce decreasing responses and thus it is possible that eserine 
potentiation might be overlooked. In spite of it, however, I find it 
possible to obtain an increased response after eserine. The figure shows 


_ & typical experiment. 


At (b), zero time, stimulation produced bronchoconstriction of 40 mm. 

At (c), 17 min., stimulation produced bronchoconstriction of 25 mm. 

At (d), 33 min. (and after eserine), stimulation produced broncho- 
constriction of 60 mm. 

At (e), 55 min., stimulation produced bronchoconstriction of 1 mm. 

At the last stimulation (e) the eserine would have been all washed 
out of the lung since the perfusion fluid is discarded. If such results 
as this are plotted against time it is possible to make an estimate of 
the expected response if eserine had not been present. In this case the 
estimate is 14 mm. at (d) whereas the actual response is 60 mm. Since 
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the response is not proportional to the dose, as can be seen from the figures 
given foracetylcholineabove, the potentiation by the eserine was profound. 

The dose of eserine shown in the figure, though very large, has no 
bronchoconstrictor effect of its own; still larger doses do constrict the _ 
bronchi but very small doses are adequate for potentiation. For example, | 
50 pg. of eserine potentiated the response to stimulus 61% greater than — 
the previous control and 300% greater than the expected response 
from the graph. In eleven recent experiments potentiation has occurred 
after eserine in every case. 


Fig. 1. Isolated perfused guinea-pig lung. Records from above downwards: bronchi, 

pulmonary blood vessels, signal and time in } min. Constriction upwards. At 

(a) stimulation of left cervical vagus, coil =15 cm., 20 sec., no response. At (b), (c), (d) 

* and (e) stimulation with coil=12 cm. for 30 sec. Eserine, 5 mg., injected 2 min. 
before (d). 


When perfusion is made with a known concentration, I find that 
1 in $ million is inadequate to potentiate but that 1 in 200,000 is satis- 


My method differs slightly from that used by Dale and by Hebb. 
While they perfused with a modified Ringer or a Tyrode solution I use 
a fluid which is isotonic with an ultrafiltrate of guinea-pig’s blood and 
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at a pH of 7-4. This was described by me [1932] and was originated by _ 
Van Dyke & Hastings for use with guinea-pig’s uterus [1928]. , 

The expenses of this work were met by a grant from the Colston Research Society. 
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Metabolism of vitamin B,. By H. M. Srnciar. | (From the 
| Department of Biochemistry, University of Oxford) 
It is now proved that vitamin B, acts in the animal body as a catalyst, 


, necessary for the degradation of pyruvate, only after it has been con- 


verted into its diphosphate ester, cocarboxylase [Banga, Ochoa & 
Peters, 1939]. It is therefore interesting to study the form and diffusibility 
of the vitamin in blood and other body fluids. Total vitamin B, (i.e. the 
unphosphorylated vitamin and cocarboxylase) has been estimated by 
a slight modification of Schopfer’s method [Sinclair, 19386], and cocar- 
boxylase by the method of Ochoa & Peters [see Goodhart & Sinclair, 
19396]. In some cases the results have been confirmed by the use of 
Jansen’s thiochrome method. 

In blood there is very little free vitamin B, or cocarboxylase, most of 
it being combined probably with protein (Sinclair, 1938a]. In human 
blood there is about 1 yg./100 ml. free vitamin B, and no free cocarboxy- 
lase. Heating the blood above 60° C., or bringing it to pH 2, liberates 
the vitamin as tested by the fungus method; most of this liberated 
vitamin is probably in the phosphorylated form, there being about 
7 wg. cocarboxylase in 100 ml. heated blood [Goodhart & Sinclair, 1939a). 
In plasma, serum and cerebrospinal fluid there is about 1 yg./100 ml. 
total vitamin B, [Sinclair, 1939] and practically no cocarboxylase 
[Goodhart & Sinclair, 19395], and this is all in the free form. In con- 
firmation of this, all the vitamin in serum, but only a small proportion 
of the vitamin in blood, is found to be dialysable. In urine the vitamin is 
normally present in the free unphosphorylated form (tested by all three 
methods). In milk about half the vitamin is combined with protein 


| [Houston & Kon, 1939]. In tissues (brain, liver, muscle, suprarenal) free 
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vitamin is present, and heating produces only a small or no increase; 
more vitamin is liberated at pH 2. 

_ It seems clear therefore that vitamin B, circulates in the plasma in 
the free unphosphorylated form; in this form it diffuses readily and 
passes into tissue fluid, c.s.f., urine and cells of the body. Phosphory- 
lation of the vitamin with formation of cocarboxylase occurs inside the 
cells; this has been proved for liver [Ochoa & Peters, 1938], kidney 
[Westenbrink & Goudsmit, 1938] and nucleated cells derived from the 
reticulo-endothelial tissue [Goodhart & Sinclair, 1939a, 6]. Probably 
all nucleated cells can phosphorylate the vitamin. 


Values in pg./100 ml. 


0 
0 
0 0 


Free 
0 
0 


In addition to these forms of vitamin B,, serum may contain a com- 
pound of unphosphorylated vitamin and protein that is stable above 60°C. 
and at pH 2, but hydrolysed by pepsin [Goodhart & Sinclair, 1939}. 
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A device for faradic stimulation. By A. L. Dezavunois. 
(From the Department of Pharmacology, University of Ghent) 

The three variables on which faradic stimulation depends are 
intensity, frequency and wave form. Scheminsky [1926, 1928, 1930], 
Lange [1931], Fender [1939], etc., have described different types of 
apparatus for faradic stimulation. In these apparatus, however, either 
the wave form is not an ideal one, or the output voltage is not high 
enough for all purposes, or the frequency is not interchangeable. 
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An apparatus is described with which nerves, centres and tissues may 
be stimulated either with low or high intensities and frequencies, and of 
which the wave form is of a very satisfactory type. 

Fig. 1 represents a diagram of the set-up. | 

The most satisfactory wave form for faradic stimulation is char- 
acterized by constant sharp rise and fall of the electromotive force; 
therefore, the condenser discharger constitutes the main part of the 
apparatus. In the discharge device, a gas triode (R.C.A. 885) and a | 


Fig. 1. Schema of the faradic stimulator. V,, rectifier tube R.C.A. type 80. V,, thyratron 
R.C.A. type 885. V,, pentode R.C.A. type 6D6. V,, beam power tetrode R.C.A. 
type 6L6. Condensers used: C,, C,, Cs, electrolytic condensers 8 mF. 525 V.; C,, 
0-1 mF. 700 V.; C,, 0-025 mF. 700 V.; C,, 0-005 mF. 700 V.; C,, 0-001 mF. mica; 
C,, 0-1 mF. 700 V.; C,, 0-05 mF. 700 V.; Cy, 4mF. 250 V. (electrolytic condenser); 
C,,, 0-1 mF, 700 V. Resistors used: R,, 7500 w 2 W.; R,, variable resistor 0-50,000 w; 
Ry, 40,000 w 2 W.; R,, 6000 w 2 W.; R,, 10,000 w 2 W.; R,, 1000 w 2 W.; B,, 1500 w 
2 W.; R,, variable resistor 0-50,000 w; R,, 250,000 w 2 W.; Ry, 200 4W.; Ry, 
10,000 w 4 W.; Ry, 5000 w 10 W.; 2,5, variable resistor 0-10,000 w; 7, power trans- 


former: p, primary for 110, 130, 220 V.; 8,, secondary 2:5 V. 2 A.; &,, secondary 
5 V. 2 A.; S;, secondary 350 V. 125 mA.; S,, secondary 6-3 V. 2 A. 7',, output trans- 
former: ratio 1: 1. 


pentode (R.C.A. 6D6) are used. A final beam power tetrode (R.C.A. 
6L6) is used as a low-frequency amplifier, while a diode (R.C.A. 80) is 
used as rectifier. 

One of the condensers C, to C, is charged through the pentode, used 
as'a variable resistor until the firing potential of the thyratron is reached. 
The fast current changes obtained by each condenser discharge are 
applied to the grid of the final tetrode. This produces variations in the 
anodic current of the tetrode which induce characteristic impulses in the 
secondary of the transformer T,. By varying the resistor R,, the: bias 
of the pentode and thus the internal resistance of the tube is changed. 
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As a consequence, the resistor in series with one of the condensers C, 
to C, varies and the frequency of discharge finally also. By using appro- 
priate condensers, frequencies from 10 up to 16,000 periods per second 
.may be obtained. The variable resistor parallel on the secondary of the 


Fig. 2 (a). Osoillogram of the wave form delivered by the stimulator at.the H.V.O. end; 
(5) oscillogram of the wave form delivered by the stimulator at the L.V.O. end. 


transformer 7, makes it possible to obtain variations in output voltage 
from 0 to 300 V. 

The very constant wave forms at high (H.V.O.) and at low voltage 
outputs (L.V.0.) are shown respectively in Fig..2a and 25. 
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A simple radio-electric relay for thermo-regulators. By A. L. 
aaa (From the Department of Pharmacology, University of 


The problem of thermo-regulation of hot-air or water baths is generally 
solved by means of electrical devices. It has been noticed, however, that 
difficulties may occur by using ordinary electric regulators. The greatest 

defect of these lies in the fact that after a certain length of time the 
mercury contact thermometer is out of use. In these regulating systems 
the relay is indeed generally supplied by the line current and the contact 
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thermometer is placed into the circuit. By each interruption the thermo- 
meter must break the line voltage under some milliamperes. The sparks 
induced by this interruption form films of amalgam which are prejudicial 
to the thermometer. | 

Fonteyne [1933], Delaunois [1934, 1937] and others tried to 
remedy these defects by placing a radio-electric tube between the relay 
and the thermometer. 

"We have been able to simplify the relay which we have feeitiniade: 
ane eet — Fig. 1 gives the schema of the relay. This 


Fig. 1. Schema of the thermoregulator. L, triode R.C.A. type 45. R, 2 megohm resistor. 
C, electrolytic condenser 50 mF. 50 V. 7', power transformer with ratings: p, primary 
for 110, 130, 220 V.; S', secondary 2:5 V. 2A. with centre tap; S*-S*, secondary 
375 V. 50 mA. with tap at 75 V.; Rm, electro-magnetic relay. 


relay, which works entirely on alternating current of usual voltages 
does not require the use of a rectifying unit to supply the triode. The 
rectification is done by the tube itself. 

In fact, during the half period in which the anode is positive, and 
when the thermometer does not make contact, anodic current runs and 
the braces are attracted by the magnetic relay. During the other half- 
period in which the anode is negative no anodic current runs. This 
procedure repeats itself 50 times per second so that the braces remain — 
attracted. To avoid vibration of the braces it is necessary to place an 
appropriate condenser in parallel on the relay coil. When the thermo- 
meter makes contact the grid of the triode is biased. sufficiently to 
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prevent the anodic current during that half-period in which the anode is 
positive. During the other half-period the grid is positive so that a grid 
current could eventually flow, but this current is reduced to a few 
microamperes by the high negative voltage of the anode as well as by the 
small surface of the grid. This current, which must be interrupted by the 
thermometer, is not nocent to the latter because of absence of sparks. 

During our trials we have also used pentodes and beam power tetrodes 
instead of the triode, but the latter was found, however, to be still the 
most efficient. 

Using this thermo-regulator, with a mercury-toluene thermo-con- 
tactor and a good heat-proofed water bath stirred by a propeller, we 
have been able to check variations of only +0-01° C. during hours. 
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